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Abstract
The aim of this work is to give a pedagogical derivation of polarization observables for the
annihilation reaction e+ + e− → N + N¯ . The reaction mechanism is one photon + two photon
exchange, the last is described by axial parametrization. After deriving the general expressions
for the cross section of a binary process, the matrix element is written in terms of three complex
amplitudes. The method to derive polarization observables is detailed and all expressions are
given in terms of generalized form factors. The strategy for determining physical form factors
in annihilation reactions in presence of two photon exchange is suggested, on the basis of model
independent properties of the relevant observables.
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I. INTRODUCTION
The reactions e±+p→ e±+p and the crossed channel e++e− → p+p¯ and p+p¯→ e++e−
are studied since many decades, as they are considered the simplest reactions which contain
information on the nucleon structure.
Following the developments of the experimental possibilities: high intensity accelerators,
polarized beams and targets, high resolution spectrometers, electron and hadron polarime-
ters, it has been only recently possible to measure polarization observables in space-like
region, and to measure the annihilation cross section in a wide kinematical range in the
time-like region. The physics goal is a precise extraction of hadron form factors in the full
kinematical region. Evidently a comprehension of the reaction mechanism, including precise
radiative corrections is necessary.
The aim of this work is to give a detailed description of a model independent formalism
very well adapted to the extraction of cross section and polarization observables. The present
results are focused on the reaction e++ e− → p+ p¯, as its experimental study is very actual.
Model independent expressions and statements are derived for the interesting experimen-
tal observables, when the reactions occur through the exchange of one and two photons.
II. DIFFERENTIAL CROSS SECTION
Let us define the cross section σ for a binary process
a(p1) + b(p2)→ c(p3) + d(p4), (1)
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where the momenta of the particles are indicated in parenthesis. The cross section σ char-
acterizes the probability that a given process occurs. The number of final particles issued
from a definite reaction is proportional to the number of incident particles NB, the number
of the target particles NT and the constant of proportionality is the cross section:
NF = σNB ×NT . (2)
The cross section can be viewed as an ’effective area’ over which the incident particle
reacts. Therefore, its dimension is cm2, but more often barn (1 barn=10−28 m2), or fm2 (1
fm=10−15 m).
An useful quantity is the luminosity L, defined as L = NB [s−1]NT [cm−2]. For simple
counting estimations, Nf = σL. This is an operative definition, which is used in experimental
physics.
On the other hand σ needs to be calculated theoretically for every type of process. The
present derivation is done in a relativistic approach. This means that
1. The kinematics is relativistic;
2. The matrix element M, which contains the dynamics of the reaction is a relativistic
invariant. In general it is function of kinematical variables, also relativistic M =
f(s, t, u);
3. σ has to be written in a relativistic invariant form;
The starting point is the following expression for the cross section
dσ =
|M|2
J (2π)
4δ(4)(p1 + p2 − p3 − p4)dP, (3)
which is composed by four terms:
1. The matrix element M, which contains the dynamics of the reaction, and it is calcu-
lated following a model:
2. The flux of colliding particles J ;
3. The phase space for the final particles, dP;
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4. A term which insures the conservation of the four-momentum δ(4)(p1 + p2 − p3 − p4)
which is the product of four δ functions, because each component has to be conserved
separately.
Let us calculate in detail each term.
A. Definition of flux
The flux is defined through the relative velocity of incoming and target particles:
I = nBnTvrel, (4a)
I = 4
√
(p1 · p2)2 −M21M22 , (4b)
where M1(M2) is the mass of the beam (target) particle, vrel is the relative velocity between
beam and target particles and the densities of the beam and target particles nB, nT are
proportional to their energies as ni = 2Ei.
Let us prove that the two expressions (4a) and (4b) are equivalent. It is more convenient
to calculate I (Eq. 4 ) in the laboratory frame where the target is at rest:
p1 = (E1, ~p1), p2 = (M2, 0), |vrel| = |~v1 − ~v2| = |~p1|
E1
⇒ nB = 2E1, nT = 2M2. (5)
Replacing the equalities (5) in Eq. (4a):
I = 2E12M2 |~p1|
E1
= 4M2|~p1|
and in Eq. (4b) :
(p1 · p2)2 −M21M22 = M22E21 −M21M22 = M22 (E21 −M21 ) = M22 |~p1|2, → I = 4M2|~p1|
and the equalities (4) are proved. Moreover, we prove also that the flux does not depend on
the reference frame, because it can be written in a Lorentz invariant form.
Let us consider the center of mass system (CMS):
p1 = (E1, ~k), p2 = (E2,−~k), p1 · p2 = E1E2 + |~k|2, M21 = E21 − |~k|2, M22 = E22 − |~k|2
and
(p1 · p2)2 −M21M22 = E21E22 + 2E1E2|~k|2 + |~k|4 −E21E22 + |~k|2(E21 + E22)− |~k|4
= |~k|2(E1 + E2)2 = |~k|2W 2. (6)
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The flux, I, can be written as
I = 4|~k|W, (7)
where W = E1 + E2 is the initial energy of the system in CMS.
B. Phase space
The phase space for a particle of energy E, mass M and four–momentum p (the number
of states in the unit volume) can be written from quantum mechanics in an invariant form:
dP =
∫
d4p δ(p2 −M2)
(2π)3
Θ(E)
where the δ function insures that the particle is on mass shell and the step function Θ(E)
insures that only the solution with positive energy is taken into account. Note that the wave
functions of all particles entering in the matrix element must be normalized to one particle
per unit volume. In this case all these wave functions contain the factor 1/
√
2ε, where ε is
the particle energy. Usually these factors are explicitly taken into account in the expression
for the cross section, we insert them into the phase space.
Extracting the term which depends on energy:
d4p δ(p2 −M2) = δ3~pdEδ(E2 − ~p2 −M2).
and using the property of the δ function∫
δ[f(x)]dx =
∑ 1
|f ′(xi)| , (8)
(xi are the roots of f(x)), with f(E) = E
2 − ~p2 −M2, and f ′(E) = 2E one finds:∫
dEδ(E2 − ~p2 −M2)Θ(E) = 1
2E
For the considered reaction:
dP = d
3~p3
(2π)32E3
d3~p4
(2π)32E4
.
C. Calculation of the cross section
The total cross section can be written as:
σ =
(2π)4
I
∫
|M|2δ(4)(p1 + p2 − p3 − p4) d
3~p3
(2π)32E3
d3~p4
(2π)32E4
. (9)
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One can see that it corresponds to a six-fold differential, but four δ functions are equivalent to
four integrations. So finally, for a binary process one is left with two independent variables,
(E, θ) or (s, t). For three particles, one has nine differentials, four integrations, i.e., five
independent variables.
The term δ(4)(p1 + p2 − p3 − p4) can be split into an energy and a space part: δ(4)(p1 +
p2 − p3 − p4) = δ(E1 + E2 − E3 −E4)δ(3)(~p1 + ~p2 − ~p3 − ~p4).
Note that ∫
δ(3)(~p1 + ~p2 − ~p3 − ~p4)d3~p4 = 1 (10)
in any reference frame.
Let us use spherical coordinates in CMS (p3 = (E3, ~p), p4 = (E4,−~p), d3~p = |~p|2dΩdp)and
consider the quantity J :
J = δ(E1 + E2 − E3 −E4) d
3~p3
4E3E4
= δ(W −E3 − E4) |~p|
2dΩdp
4E3E4
, (11)
where
E23 = M
2
3 + |~p|2, E24 = M24 + |~p|2 → E3dE3 = E4dE4 = |~p|dp.
After integration, using the property (8):
J =
∫
δ(W − E3 − E4)dE3|~p|dΩ
4E4
=
|~p|dΩ
4E4
1∣∣∣∣ ddE3 (W −E3 − E4)
∣∣∣∣
, (12)
where
d
dE3
(W − E3 −E4) = −1− dE4
dE3
= −1 − E3
E4
= −W
E4
(13)
and therefore
J = |~p|dΩ
4W
. (14)
Substituting Eqs. (7, 14) in Eq. (9) we find the general expression for the differential
cross section of a binary process, in CMS:
dσ
dΩ
=
|M|2|~p|
64π2W 2|~k|
, (15)
and for the total cross section:
σ =
∫ |M|2|~p|
64π2W 2|~k|
dΩ. (16)
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FIG. 1: Annihilation e− + e+ → N¯ +N in CMS system.
In case of elastic scattering, |~k| = |~p|, therefore:
dσ
dΩ
el
=
|M|2
64π2W 2
= |F el|2 (17)
with the elastic amplitude F el = |M|
8πW
.
For the annihilation reaction considered here, e+ + e− → N + N¯ , neglecting the mass of
the electron, one has:
|~k| = W
2
, |~p| =
√
E2 −M2 = E
√
1−M2/E2 = W
2
β,
and
dσ
dΩ
ann
=
|M|2β
64π2q2
, (18)
where β =
√
1− 4M2/q2 and q2 = s = (p1 + p2)2.
III. AXIAL PARAMETRIZATION OF THE MATRIX ELEMENT
In presence of two photon exchange (TPE), the matrix element of the reaction e−(k1) +
e+(k2)→ N¯(p1) +N(p2), can be parametrized by three complex amplitudes. In the present
derivation we will use the following expression for the matrix element of this reaction, taking
into account the TPE contribution,
M = −e
2
q2
{
u¯(−k2)γµu(k1)u¯(p2)
[
F1(q
2, t)γµ − F2(q
2, t)
2m
σµνqν
]
u(−p1)
+u¯(−k2)γµγ5u(k1)u¯(p2)γµγ5u(−p1)A2γ(q2, t)
}
, (19)
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where m is nucleon mass, k1 and k2 are electron and positron four-momenta, p1 and p2 are
antinucleon and nucleon four-momenta, q is the four momentum of the virtual photon and t
is the Mandelstam variable, the momentum transfer: q = k1+k2 = p1+p2 and t = (k1−p1)2.
The first two amplitudes contain the contributions of 1γ
⊗
2γ exchange, whereas the third
amplitude is fully induced by 2γ exchange. A2γ(q
2, t) can be parametrized in different but
equivalent ways. Here we use the axial parametrization that describes the exchange of a 1+
particle. The spin and parity of the transition induced by TPE can be any, but the C-parity
must be positive (whereas it is negative for 1γ exchange).
The three complex amplitudes, F1,2(q
2, t) and A2γ(q
2, t), which generally are functions
of two independent kinematical variables, q2 and t, fully describe the spin structure of the
matrix element for the reaction e+ + e− → N + N¯ - for any number of exchanged virtual
photons, because they contain C-odd and C-even terms.
This expression (19) holds under assumption of the P–invariance of the electromagnetic
interaction and conservation of lepton helicity, which is correct for standard QED at the
high energy, i.e., in zero electron mass limit. Note, however, that expression (19) is one of
the many equivalent representations of the e+ + e− → N + N¯ reaction matrix element.
In the Born (1γ exchange) approximation these amplitudes reduce to:
FBorn1 (q
2, t) = F1(q
2), FBorn2 (q
2, t) = F2(q
2), ABorn2γ (q
2, t) = 0, (20)
where F1(q
2) and F2(q
2) are the Dirac and Pauli nucleon electromagnetic form factors (FFs),
respectively, and they are complex functions of the variable q2. The complexity of FFs arises
from the final–state strong interaction of the produced NN¯−pair. In the following we use
the standard magnetic GM(q
2) and charge GE(q
2) nucleon FFs which are related to FFs
F1(q
2) and F2(q
2) as follows
GM = F1 + F2, GE = F1 + τF2, τ =
q2
4m2
> 0. (21)
By analogy with these relations, let us introduce a linear combinations of the F1,2(q
2, t)
amplitudes which in the Born approximation correspond to the Sachs FFs GM and GE:
G˜M(q
2, t) = F1(q
2, t) + F2(q
2, t),
G˜E(q
2, t) = F1(q
2, t) + τF2(q
2, t). (22)
The matrix element (19) can be rewritten in terms of vector and axial electromagnetic
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currents:
M = −e
2
q2
(
j(v)µ J
(v)
µ + j
(a)
µ J
(a)
µ
)
, (23)
where j
(v)
µ , j
(a)
µ are vector and axial lepton currents and J
(v)
µ , J
(a)
µ are vector and axial nucleon
currents:
j
(v)
µ = u¯(−k2)γµu(k1), J (v)µ = u¯(p2)
[
F1(q
2, t)γµ − F2(q
2, t)
2m
σµνqν
]
u(−p1),
j
(a)
µ = u¯(−k2)γµγ5u(k1), J (a)µ = u¯(p2)γµγ5u(−p1)A2γ(q2, t), σµν =
1
2
[γµ, γν]. (24)
Then the differential cross section of the reaction e− + e+ → N¯ + N in CMS according to
(18) can be written as
dσ
dΩ
=
α2β
4q6
(
j(v)µ J
(v)
µ + j
(a)
µ J
(a)
µ
) (
j(v)ν J
(v)
ν + j
(a)
ν J
(a)
ν
)∗
=
α2β
4q6
[
L(v)µνH
(v)
µν + 2Re(L
(i)
µνH
(i)
µν )
]
, α =
e2
4π
=
1
137
,
where we neglected terms proportional to A22γ (since the amplitude A2γ is entirely due to
the TPE contribution, which is of the order of α). The ’vector’ (v) and ’interference’ (i)
leptonic/hadronic tensors are defined as
L(v)µν = j
(v)
µ j
(v)∗
ν , L
(i)
µν = j
(a)
µ j
(v)∗
ν , H
(v)
µν = J
(v)
µ J
(v)∗
ν , H
(i)
µν = J
(a)
µ J
(v)∗
ν . (25)
Note that the term proportional to the Dirac FF, F1, in the expression for the nucleon vector
current, J
(v)
µ , (24), is gauge invariant, when both particles (N, N¯) are on mass shell. The
second term proportional to the Pauli FF, F2, is always gauge invariant:
(σµνqν)qµ =
1
2
(γµγν − γνγµ)qνqµ = 1
2
(qˆqˆ − qˆqˆ) = 0.
It is possible to find other forms of the nucleon vector current J
(v)
µ , which are equivalent
only for on-shell particles. In our case nucleons are the final particles, therefore they are
on-shell.
Let us show that for on-shell nucleons the expression for the J
(v)
µ (24) can be simplified
by using Dirac equations1 for particles (nucleon - p2) and antiparticles (antinucleon - p1)
u¯(p2)(pˆ2 −m) = 0 ⇒ u¯(p2)pˆ2 = u¯(p2)m
(pˆ1 +m)u(−p1) = 0 ⇒ pˆ1u(−p1) = −u(−p1)m
1 It is correct only when nucleon and antinucleon are on mass shell (real particles), i.e., they satisfy the
Dirac equation.
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and the properties of Dirac matrices : {γµ, γν} = 2gµν , where gµν is the metric tensor of the
Minkowski spacetime, aˆbˆ+ bˆaˆ = 2ab, aˆγµ + γµaˆ = 2aµ, where a and b are four vectors.
Let us develop the term accompanying F2:
u¯(p2)σµνqνu(−p1) = 1
2
u¯(p2) (γµγν − γνγµ) qνu(−p1) = 1
2
u¯(p2) (γµqˆ − qˆγµ) u(−p1)
=
1
2
u¯(p2) [γµ(pˆ1 + pˆ2)− (pˆ1 + pˆ2)γµ] u(−p1)
=
1
2
u¯(p2) [γµ(−m+ pˆ2)− (pˆ1 +m)γµ]u(−p1)
=
1
2
u¯(p2) [−2mγµ + (γµpˆ2 − pˆ1γµ)] u(−p1)
=
1
2
u¯(p2) [−2mγµ + (2p2µ − pˆ2γµ − 2p1µ + γµpˆ1)] u(−p1)
=
1
2
u¯(p2) [−4mγµ + 2(p2 − p1)µ] u(−p1). (26)
Replacing in the expression for J
(v)
µ , Eq. (24):
J (v)µ = u¯(p2)
[
(F1 + F2)γµ − F2
2m
(p2 − p1)µ
]
u(−p1) = u¯(p2)
[
(F1 + F2) γµ − F2
m
Pµ
]
u(−p1),
(27)
where P = (p2 − p1)/2 and F1, F2 can be substituted by generalized magnetic and charge
nucleon FFs, Eq. (22):
J (v)µ = u¯(p2)
[
G˜M(q
2, t)γµ − G˜M(q
2, t)− G˜E(q2, t)
m(1− τ) Pµ
]
u(−p1). (28)
For simplicity, we will use in our calculations:
G˜M − G˜E
m(1− τ) = G2. (29)
IV. LEPTON AND HADRON TENSORS
We give a detailed derivation of the tensors, in particular of the lepton tensor and of the
matrix components.
A. Lepton tensors
The calculation of the leptonic tensors leads to the calculation of a trace. Let us give the
explicit derivation. From Eqs. (24,25), the expression for the ’vector part’ of the leptonic
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tensor is:
L(v)µν = u¯(−k2)γµu(k1) [u¯(−k2)γνu(k1)]∗ . (30)
Using the definition u¯(−k2) = u†(−k2)γ4 = u∗(−k2)γ4 and the following properties of the γ
matrices: γ∗4 = γ4, (γ4)ij = (γ4)ji, (γ4)kl(γ4)lm = δkm, the complex conjugated term can be
written as
[u¯(−k2)γνu(k1)]∗ = [u∗(−k2)γ4γνu(k1)]∗ = u(−k2)γ∗4γ∗νu∗(k1). (31)
In component form (with spinor indices):
ui(−k2)(γ∗4)ij(γ∗ν)jku∗(k1)k = u(−k2)i(γ4)ij(γ∗ν)jkδkmu∗(k1)m
= u(−k2)i(γ4)ij(γ∗ν)jk(γ4)kl(γ4)lmu∗(k1)m
= u∗m(k1)(γ4)ml(γ4)lk(γ
†
ν)kj(γ4)jiui(−k2)
= u¯(k1)γ4γ
†
νγ4u(−k2) = u¯(k1)γνu(−k2).
Therefore
[u¯(−k2)γνu(k1)]∗ = u¯(k1)γνu(−k2). (32)
This result will be used all along the paper, with other terms between bispinors (γν , γνγ5, Pν).
Let us write the tensor (30) in component form
L(v)µν = u¯i(−k2)(γµ)iju(k1)j u¯a(k1)(γν)abub(−k2) = ub(−k2)u¯i(−k2)(γµ)ijuj(k1)u¯a(k1)(γν)ab
= (ρ2)bi(γµ)ij(ρ1)ja(γν)ab = Tr[u(−k2)u¯(−k2)γµu(k1)u¯(k1)γν ], (33)
where we applied the property that a product of matrices is a matrix and the first and
last indices coincide: TrA =
∑
bAbb. The density matrices ρ = u(p)u¯(p) for polarized and
unpolarized particles and antiparticles are given in the Table I.
particle antiparticle
unpolarized pˆ+m pˆ−m
polarized (pˆ+m)12 (1− γ5sˆ) (pˆ−m)12 (1− γ5sˆ)
TABLE I: The density matrices for polarized/unpolarized particles and antiparticles.
The polarization four-vector s is related to the unit vector along polarization of the
particle in its rest system, ~ξ by
s0 =
1
m
~p · ~ξ ; ~s = ~ξ + ~p(~p ·
~ξ)
m(m+ E)
. (34)
12
Let us consider firstly unpolarized incoming positron and longitudinally polarized incom-
ing electron. In this case the leptonic vector tensor, can be written as
L(v)µν = Tr
[
(kˆ2 −me)γµ(kˆ1 +me)1
2
(1− γ5sˆ)γν
]
= L(v)µν (0) + L
(v)
µν (S) (35)
and expanded as a sum over polarization states.
1. The unpolarized lepton tensor : L
(v)
µν (0)
Let us extract the part of the leptonic vector tensor which does not depend on polariza-
tion:
L(v)µν (0) =
1
2
Tr
[
(kˆ2 −me)γµ(kˆ1 +me)γν
]
=
1
2
[
Tr(kˆ2γµkˆ1γν)−m2eTr (γµγν)
]
.
Using the rules for calculating the traces of Dirac matrices : Trγµγν = 4gµν and
Trγργµγσγν = 4(gρµgσν + gµσgνρ − gσρgµν) one finds:
L(v)µν (0) = 2
(
k1νk2µ + k1µk2ν − k1.k2gµν −m2egµν
)
= −q2gµν + 2 (k1νk2µ + k1µk2ν) , (36)
where we used the identity
q2 = (k1 + k2)
2 = k21 + 2k1k2 + k
2
2 = 2(m
2
e + k1k2)⇒ k1k2 +m2e =
q2
2
. (37)
The tensor describing unpolarized electrons is symmetric.
2. The polarized lepton tensor : L
(v)
µν (S)
For the polarized part of the lepton tensor one has
L(v)µν (S) = −
1
2
Tr
[
(kˆ2 −me)γµ(kˆ1 +me)γ5sˆγν
]
= −1
2
me
{
Tr
[
γ5kˆ2γµsˆγν
]
− Tr
[
γ5γµkˆ1sˆγν
]}
= 2mei 〈k2µsν〉 − 2mei 〈µk1sν〉 = 2mei 〈µνsq〉 , (38)
where we used the notation
Tr γ5γµγνγργσ = −4iεµνρσ = −4i 〈µνρσ〉 ,
and the properties of permutations of Dirac matrices. The Greek letters µ, ν,... are used
for the non contracted indices of the antisymmetric tensor εµνρσ.
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One can check that the tensor L
(v)
µν (S) (38) has the following property, which follows from
current conservation:
qµ · L(v)µν (S) = εµνσρsσqρqµ = 0
as it is the product of an antisymmetric tensor (εµνσρ) times a symmetric tensor qρqµ.
When the electron is longitudinally polarized (~ξ ‖ ~k1 → ~ξ · ~k1 = |~k1| =
√
E2 −m2e ≈ E),
the components of the polarization vector sµ (Eq. 34) become
s0 =
E
me
; ~s = ~ξ
(
1 +
|~k1|2
me(me + E)
)
= ~ξ
(
1 +
E2 −m2e
me(E +me)
)
= ~ξ
E
me
, i.e., sµ = λe
k1µ
me
,
(39)
where the helicity λe takes the values = ±1 if ~ξ is parallel or antiparallel to ~k1. One can see
that the longitudinally polarized part of ’vector’ lepton tensor (38) is not suppressed by the
electron mass and it can be written as:
L(v)µν (S) = 2iλe 〈µνk1q〉 . (40)
Notice that the transversal component of the vector polarization remains unchanged and
should be evaluated from (38).
3. The unpolarized lepton tensor : L
(i)
µν(0)
According to (24) and (25)
L(i)µν = u¯(−k2)γµγ5u(k1) [u¯(−k2)γνu(k1)]∗ = u¯(−k2)γµγ5u(k1)u¯(k1)γνu(−k2),
resp.
L(i)µν = Tr [u(−k2)u¯(−k2)γµγ5u(k1)u¯(k1)γν ]
= Tr
[
(kˆ2 −me)γµγ5(kˆ1 +me)1
2
(1− γ5sˆ)γν
]
. (41)
Again it can be divided to polarized and unpolarized part. For the unpolarized part
L(i)µν(0) =
1
2
Tr
[
(kˆ2 −me)γµγ5(kˆ1 +me)γν
]
=
1
2
Tr
[
γ5kˆ2γµkˆ1γν
]
, (42)
which can be expressed as
L(i)µν(0) =
1
2
(−4i)ερµσνk2ρk1σ = 2i 〈µνk2k1〉 . (43)
14
4. The polarized lepton tensor : L
(i)
µν(S)
The polarized part of L
(i)
µν is written as:
L(i)µν(S) = −
1
2
Tr
[
(kˆ2 −me)γµγ5(kˆ1 +me)γ5sˆγν
]
= −1
2
Tr
[
(kˆ2 −me)γµmesˆγν
]
+
1
2
Tr
[
(kˆ2 −me)γµkˆ1sˆγν
]
, (44)
where we used γ25 = 1. Eq. (44) can be simplified to
L(i)µν(S) = −
me
2
[
Tr(kˆ2γµsˆγν)− Tr(γµkˆ1sˆγν)
]
= −2me [k2µsν + k2νsµ − k2 · sgµν − k1µsν + k1νsµ − k1 · sgµν ] .
In case of longitudinally polarized electron beam, with the help of Eq. (39), this expression
simplifies to:
L(i)µν(S) = λe[q
2gµν − 2(k2µk1ν + k2νk1µ)]. (45)
5. Lepton tensor summary
The leptonic tensors for the case of longitudinally polarized electrons
L(v)µν = −q2gµν + 2(k1µk2ν + k1νk2µ) + 2iλe 〈µνk1q〉
L(i)µν = 2i 〈µνk2k1〉+ λe[q2gµν − 2(k1µk2ν + k1νk2µ)], (46)
where λe is the degree of the electron longitudinal polarization. We will consider that the
lepton is fully polarized, i.e., |λe| = 1, but it shows explicitly which part of the leptonic
tensor depends on polarization of the incoming electron.
B. Hadron tensors
According to the definitions (25) and (28), H
(v)
µν can be expressed as
H(v)µν = u¯(p2)
[
G˜Mγµ −G2Pµ
]
u(−p1)
[
u¯(p2)
[
G˜Mγν −G2Pν
]
u(−p1)
]∗
= u¯(p2)
[
G˜Mγµ −G2Pµ
]
u(−p1)u¯(−p1)
[
G˜∗Mγν −G∗2Pν
]
u(p2) (47)
= Tr
[
u(p2)u¯(p2)
[
G˜Mγµ −G2Pµ
]
u(−p1)u¯(−p1)
[
G˜∗Mγν −G∗2Pν
]]
.
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Generally, taking into account the polarization states of the produced nucleon and antinu-
cleon, the hadronic tensor can be written as the sum of three contributions
Hµν = Hµν(0) +Hµν(s1) +Hµν(s1, s2), (48)
where the tensorHµν(0) describes the production of unpolarized particles, the tensorHµν(s1)
describes the production of polarized nucleon or antinucleon and the tensor Hµν(s1, s2)
corresponds to the production of both polarized particles (N and N¯).
According to this notation and with the help of the expressions of the density matrices
from Table I, Eq. (47) can be written as:
H(v)µν = Tr
{
(pˆ2 +m)
[
G˜Mγµ −G2Pµ
]
(pˆ1 −m)1
2
(1− γ5sˆ1)
[
G˜∗Mγν −G∗2Pν
]}
, (49)
which can be considered as a sum of polarized and unpolarized parts (similarly to the leptonic
tensor), s1µ is the polarization four-vector of the antinucleon.
1. The unpolarized hadron tensor : H
(v)
µν (0)
The unpolarized part of H
(v)
µν can be extracted from (49)
H(v)µν (0) =
1
2
Tr
[
(pˆ2 +m)
(
G˜Mγµ −G2Pµ
)
(pˆ1 −m)
(
G˜∗Mγν −G∗2Pν
)]
=
1
2
[
G˜MG˜
∗
MTr(pˆ2γµpˆ1γν) +mG˜MG
∗
2PνTr(pˆ2γµ) +G2G
∗
2PµPνTr(pˆ2pˆ1)
+mG˜∗MG2PµTr(pˆ2γν)−mG˜MG∗2PνTr(γµpˆ1)−m2G˜MG˜∗MTr(γµγν)
−mG˜∗MG2PµTr(pˆ1γν)−m2G2G∗2PµPνTr1ˆ
]
where we omit the terms containing an odd number of γ matrices, since their trace vanishes,
and further simplify as:
H(v)µν (0) = 2
[
|G˜M |2(p1µp2ν + p1νp2µ − (p1p2 +m2)gµν)
+PµPν
(|G2|2(p1p2 −m2) + 4mReG˜MG∗2)].
Now we can apply following identities
p1p2 +m
2 =
q2
2
; p1p2 −m2 = 2m2(τ − 1) ; p1µp2ν + p1νp2µ = qµqν
2
− 2PµPν (50)
to obtain
H(v)µν (0) = H1g˜µν +H2PµPν , (51)
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where g˜µν = gµν − qµqν/q2 and
H1 = −q2|G˜M |2 (52)
H2 = 4
[
m2|G2|2(τ − 1)− |G˜M |2 + 2mRe(G˜MG∗2)
]
.
The formula for H2 can be rewritten in terms of GM and GE
H2 =
4
τ − 1
[
|G˜E|2 − τ |G˜M |2
]
. (53)
2. The polarized hadron tensor : H
(v)
µν (s1)
The polarized part of H
(v)
µν (also from (49))
H(v)µν (s1) = −
1
2
Tr
[
(pˆ2 +m)
(
G˜Mγµ −G2Pµ
)
(pˆ1 −m)γ5sˆ1
(
G˜∗Mγν −G∗2Pν
)]
=
1
2
[
Tr(pˆ2G˜Mγµpˆ1γ5sˆ1G
∗
2Pν) + Tr(pˆ2G˜Mγµmγ5sˆ1G˜
∗
Mγν)
+Tr(pˆ2G2Pµpˆ1γ5sˆ1G˜
∗
Mγν)− Tr(mG˜Mγµpˆ1γ5sˆ1G˜∗Mγν)
=
1
2
[
− G˜MG∗2PνTr(γ5pˆ2γµpˆ1sˆ1) +m|G˜M |2Tr(γ5pˆ2γµsˆ1γν)
+G˜∗MG2PµTr(γ5pˆ2pˆ1sˆ1γν)−m|G˜M |2Tr(γ5γµpˆ1sˆ1γν)
]
can be simplified
H(v)µν (s1) = 2i
[
G˜MG
∗
2Pν 〈p2µp1s1〉+m|G˜M |2(〈µp1s1ν〉 − 〈p2µs1ν〉)
−G˜∗MG2Pµ 〈p2p1s1ν〉
]
= 2i
[
(G˜MG
∗
2)
∗Pµ 〈νp2p1s1〉 − G˜MG∗2Pν 〈µp2p1s1〉+m|G˜M |2 〈µνqs1〉
]
,
or alternatively in terms of G˜M and G˜E
H(v)µν (s1) =
2
m(τ − 1)
[
im2(τ − 1)|G˜M |2 〈µνqs1〉
+iRe(G˜M (G˜E − G˜M)∗)(Pµ 〈νp2p1s1〉 − Pν 〈µp2p1s1〉)
+Im(G˜MG˜
∗
E)(Pµ 〈νp2p1s1〉+ Pν 〈µp2p1s1〉)
]
, (54)
where we used Im|GM |2 = 0 and identity
Re(A)(PµQν − PνQµ)− iIm(A)(PµQν + PνQµ) = A∗PµQν − APνQµ,
which can be easily proved. Notice, that the first 2 terms in equation (54) are antisymmetric
and the third (last) term is symmetric with respect to the exchange µ↔ ν.
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3. The unpolarized hadron tensor : H
(i)
µν (0)
Using the definitions (25) and (28)
H(i)µν = u¯(p2)γµγ5u(−p1)A2γ
[
u¯(p2)(G˜Mγν −G2Pν)u(−p1)
]∗
= Tr
[
(pˆ2 +m)γµγ5A2γ(pˆ1 −m)1
2
(1− γ5sˆ1)(G˜∗Mγν −G∗2Pν)
]
, (55)
which gives for the unpolarized part
H(i)µν (0) =
1
2
Tr
[
(pˆ2 +m)γµγ5A2γ(pˆ1 −m)(G˜∗Mγν −G∗2Pν)
]
=
1
2
A2γG˜
∗
MTr[γ5pˆ2γµpˆ1γν ] = 2iA2γG˜
∗
M 〈µνp2p1〉 . (56)
4. The polarized hadron tensor : H
(i)
µν (s1)
The polarized part of H
(i)
µν follows from Eq. (55)
H(i)µν (s1) = −
1
2
Tr
[
(pˆ2 +m)γµγ5A2γ(pˆ1 −m)γ5sˆ1(G˜∗Mγν −G∗2Pν)
]
=
1
2
A2γ
[
Tr[(pˆ2 +m)γµmsˆ1(G˜
∗
Mγν −G∗2Pν)]
+Tr[(pˆ2 +m)γµpˆ1sˆ1(G˜
∗
Mγν −G∗2Pν)]
]
=
1
2
A2γ
[
−m2G∗2PνTr[γµsˆ1] +mG˜∗MTr[pˆ2γµsˆ1γν ]
−G∗2PνTr[pˆ2γµpˆ1sˆ1] +mG˜∗MTr[γµpˆ1sˆ1γν ]
]
(57)
and by applying the rules for calculating the traces we get
H(i)µν (s1) = 2A2γ
[
−m2G∗2Pνs1µ −G∗2Pν(p2µp1 · s1 + p1µp2 · s1 − p1 · p2s1µ) (58)
+mG˜∗M(p2µs1ν + p2νs1µ − p2 · s1gµν + p1µs1ν − p1νs1µ + p1 · s1gµν)
]
,
where
s1 · p1 = 0 ; s1 · p2 = s1 · q,
while s1µ is polarization four-vector of the antinucleon. Using Eq. (50), expression (58) can
be simplified to
H(i)µν (s1) = 2A2γ
[
2m2(τ − 1)G∗2Pνs1µ −G∗2Pνp1µs1 · q −mG˜∗Mq · s1gµν
+mG˜∗M(p2µs1ν + p2νs1µ + p1µs1ν − p1νs1µ)
]
, (59)
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which can be rewritten in terms of the generalized Sachs FFs as
H(i)µν (s1) = mA2γ
[
− 2q · s1G˜∗Mgµν −
2q · s1
m2(1− τ)(G˜M − G˜E)
∗p1µPν (60)
+ (G˜M + G˜E)
∗(s1µp2ν + s1νp2µ) + (G˜M − G˜E)∗(s1µp1ν + s1νp1µ)
− (G˜M + G˜E)∗(s1µp1ν − s1νp1µ)− (G˜M − G˜E)∗(s1µp2ν − s1νp2µ)
]
,
where we can distinguish two antisymmetric terms, three symmetric terms and the term
proportional to p1µPν (2p1µPν = p1µPν + p1νPµ + p1µPν − p1νPµ).
V. DIFFERENTIAL CROSS SECTION
The differential cross section can be written as the sum of unpolarized and polarized
terms, corresponding to the different polarization states and polarization direction of the
incident and scattered particles. In our case we consider just polarization of the outgo-
ing antinucleon and longitudinal polarization of the incoming electron (with the degree of
polarization λe).
dσ
dΩ
=
dσun
dΩ
[1 + Pyξy + λePxξx + λePzξz] . (61)
A. Unpolarized differential cross section
The unpolarized differential cross section can be written as
dσun
dΩ
=
α2β
4q6
[
L(v)µν (0)H
(v)
µν (0) + 2Re(L
(i)
µν(0)H
(i)
µν (0))
]
=
α2β
4q2
D,
where β =
√
1− 4m2/q2 is nucleon velocity in CMS and
D =
1
q4
[
L(v)µν (0)H
(v)
µν (0) + 2Re(L
(i)
µν(0)H
(i)
µν (0))
]
. (62)
Let us calculate the first term of D. According to Eqs. (36) and (51)
L(v)µν (0)H
(v)
µν (0) =
[−q2gµν + 2 (k1νk2µ + k1µk2ν)]× [H1g˜µν +H2PµPν ]
= −H1q2(4− q
2
q2
)−H2q2P 2 + 4H1
(
k1 · k2 − (k1 · q)(k2 · q)
q2
)
+4H2(k1 · P )(k2 · P ), (63)
where k1 · k2 = k1 · q = k2 · q = q2/2 and
P 2 =
(m2 − p1 · p2)
2
=
m2 − (E2 − ~p1 · ~p2)
2
= m2 −E2 = m2(1− τ), (64)
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where E2 = q2/4 and m2 = E2 − ~p 21 .
Let us define a coordinate frame in CMS of the reaction e++ e− → N + N¯ in such a way
that the z axis is directed along the three-momentum of the antinucleon (~p1). Therefore,
the components of four-momenta can be written as
p1 = (E, 0, 0, |~p1|) ; k1 = (E,−|~k1| sin θ, 0, |~k1| cos θ)
p2 = (E, 0, 0,−|~p1|) ; k2 = (E, |~k1| sin θ, 0,−|~k1| cos θ)
q = (2E, 0, 0, 0) ; P = (0, 0, 0,−|~p1|), (65)
where |~k1| = E = m
√
τ , |~p1| =
√
E2 −m2 = m√τ − 1 and θ is the angle between electron
and detected antinucleon momenta. These identities and definitions lead to
L(v)µν (0)H
(v)
µν (0) = 2q
4|G˜M |2 + 4m2q2(|G˜E|2 − τ |G˜M |2)
− 16
τ − 1(|G˜E|
2 − τ |G˜M |2)|~k1|2|~p1|2 cos2 θ
= q4
[
|G˜M |2 + 1
τ
|G˜E|2 − 1
τ
(|G˜E|2 − τ |G˜M |2) cos2 θ
]
= q4
[
|G˜M |2(1 + cos2 θ) + 1
τ
|G˜E|2 sin2 θ
]
. (66)
The second term of D can be written according to Eqs. (43) and (56) as
L(i)µν(0)H
(i)
µν (0) = 2i 〈µνk2k1〉 × 2iA2γG˜∗M 〈µνp2p1〉 ,
which can be written as (see appendix)
L(i)µν(0)H
(i)
µν (0) = −4A2γG˜∗M2 ((k2 · p1)(k1 · p2)− (k2 · p2)(k1 · p1))
= q4
[
−2A2γG˜∗M
1
τ
√
τ(τ − 1) cos θ
]
. (67)
Finally we get the following expression for D
D = |G˜M |2(1 + cos2 θ) + 1
τ
|G˜E|2 sin2 θ − 4
τ
√
τ(τ − 1) cos θReG˜MA∗2γ. (68)
1. 2γ mechanism and the unpolarized cross section
To separate the effects due to the Born and TPE contributions, let us single out the
dominant contribution and define the following decompositions of the amplitudes
G˜M(q
2, t) = GM(q
2) + ∆GM(q
2, t),
G˜E(q
2, t) = GE(q
2) + ∆GE(q
2, t). (69)
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∆GM(q
2, t), ∆GE(q
2, t), and A2γ(q
2, t) are of the order of ∼ α, while GM(q2) and GE(q2)
are of the order of ∼ α0.
Symmetry properties of the amplitudes with respect to the cos θ → − cos θ transformation
can be derived in model independent way, from the C invariance of the 1γ⊗ 2γ mechanism.
To prove this, let us consider, in addition to C-invariance, crossing symmetry, which allows
to connect the matrix elements for the cross-channels: e−(k1)+N(p1)→ e−(k2)+N(p2), in
s–channel, and e+ + e− → N + N , in t–channel. The transformation from s- to t-channel
can be realized by the following substitution:
k2 → −k2, p1 → −p1.
and for the invariant variables:
s = (k1 + p1)
2 → (k1 − p1)2, Q2 = −(k1 − k2)2 → −(k1 + k2)2 = −t.
Crossing symmetry states that the same three amplitudes G˜E(s,Q
2), G˜M(s,Q
2) and
A2γ(s,Q
2) describe the two channels, when the variables s and Q2 scan the physical region
of the corresponding channels. So, if t ≥ 4m2 and −1 ≤ cos θ ≤ 1 (θ is the angle of
the proton production with respect to the electron three-momentum, in the center of mass
(CMS) for e+ + e− → N + N), the amplitudes G˜E(t, cos θ), G˜M(t, cos θ), and A2γ(t, cos θ),
describe the process e+ + e− → p+ p.
The C-invariance of the electromagnetic hadron interaction and the corresponding selec-
tion rules can be applied to the annihilation channel and this allows to find specific properties
for one and two photon exchanges. Moreover, on the basis of the crossing symmetry, it is
possible to transform in a transparent way these properties for the different observables in
eN -elastic scattering.
To illustrate this, let us consider firstly the one-photon mechanism for e+ + e− → p+ p.
The conservation of the total angular momentum J allows one value, J = 1 , and the
quantum numbers of the photon: J P = 1−, C = −1. The selection rules with respect to
the C and P-invariance allow two states for e+e− (and pp):
S = 1, ℓ = 0 and S = 1, ℓ = 2 with J P = 1−, (70)
where S is the total spin and ℓ is the orbital angular momentum. As a result the θ-
dependence of the cross section for e++ e− → p+ p, in the one-photon exchange mechanism
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is:
dσ
dΩ
(e+ + e− → p+ p) ≃ a(t) + b(t) cos2 θ, (71)
where a(t) and b(t) are definite quadratic contributions of GEp(t) and GMp(t), a(t), b(t) ≥ 0
at t ≥ 4m2.
Using the kinematical relations:
cos2 θ =
1 + ǫ
1− ǫ =
cot2 θe/2
1 + τ
+ 1 (72)
between the variables in the CMS of e+ + e− → p+ p and in the LAB system for e− + p→
e− + p, it appears clearly that the one-photon mechanism generates a linear ǫ-dependence
(or cot2 θe/2) of the Rosenbluth differential cross section for elastic eN -scattering in Lab
system.
Let us consider now the cos θ-dependence of the 1γ
⊗
2γ-interference contribution to the
differential cross section of e+ + e− → p + p. The spin and parity of the 2γ-states is not
fixed, in general, but only a positive value of C-parity, C(2γ) = +1, is allowed. An infinite
number of states with different quantum numbers can contribute, and their relative role is
determined by the dynamics of the process γ∗ + γ∗ → p+ p, with both virtual photons.
But the cos θ-dependence of the contribution to the differential cross section for the
1γ
⊗
2γ-interference can be predicted on the basis of its C-odd nature:
dσ(int)
dΩ
(e+ + e− → p+ p) = cos θ[c0(t) + c1(t) cos2 θ + c2(t) cos4 θ + ...], (73)
where ci(t), i = 0, 1.. are real coefficients, which are functions of t, only. This odd cos θ-
dependence is essentially different from the even cos θ-dependence of the cross section for
the one-photon approximation. It is therefore incorrect to approximate the interference
contribution to the differential cross section (73) by a linear function in cos2 θ, because
it is in contradiction with the C-invariance of hadronic electromagnetic interaction. Such
approximation can be done only when all coefficients ci(t) vanish, i.e. in absence of 1γ
⊗
2γ-
interference!
Therefore C-invariance predict the following symmetry of the two-photon contribution
to the amplitudes in e+e− annihilation:
∆GM,E(cos θ) = −∆GM,E(− cos θ), A2γ(cos θ) = A2γ(− cos θ). (74)
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Let us consider the situation when the experimental apparatus does not distinguish the
nucleon from the antinucleon. Then we measure the following sum of the differential cross
sections
dσ+
dΩ
=
dσ
dΩ
(cos θ) +
dσ
dΩ
(− cos θ).
We can stress, using the properties (74), that this quantity does not depend on the TPE
terms.
Note also that the TPE terms do not contribute to the total cross section of the reaction
e+ + e− → N + N¯ , which can be written as
σt(q
2) =
4π
3
α2β
q2
[
|GM(q2)|2 + 1
2τ
|GE(q2)|2
]
. (75)
On the other hand, the relative contribution of TPE mechanism is enhanced in the following
angular asymmetry
A2γ(q
2, θ0) =
σ(q2, θ0)− σ(q2, π − θ0)
σ(q2, θ0) + σ(q2, π − θ0) , (76)
where the quantities σ(q2, θ0) and σ(q
2, π − θ0) are defined as follows
σ(q2, θ0) =
∫ θ0
0
dσ
dΩ
(q2, θ)dΩ, σ(q2, π − θ0) =
∫ pi
pi−θ0
dσ
dΩ
(q2, θ)dΩ.
Using the symmetry relations (74) one can obtain for the asymmetry A2γ(q
2, θ0) the following
expression
A2γ(q
2, θ0) =
2
d
∫ θ0
0
d cos θ
[
(1 + cos2 θ)ReGM (q
2)∆G∗M(q
2, cos θ)
+
sin2 θ
τ
ReGE(q
2)∆G∗E(q
2, cos θ)
−2
τ
√
τ(τ − 1) cos θReGM(q2)A∗(q2, cos θ)
]
, (77)
where the quantity d is
d =
1− x0
3
[
(4 + x0 + x
2
0)|GM |2 +
1
τ
(2− x0 − x20)|GE|2
]
, x0 = cos θ0.
The TPE contributions can be removed considering the sum of the quantities σ(q2, θ0)
and σ(q2, π − θ0). As a result we have
Σ(q2, θ0) = σ(q
2, θ0) + σ(q
2, π − θ0) = πα
2
q2
βd (78)
always neglecting the terms of the order of α2 with respect to the leading ones.
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B. Single spin polarization observables, antiproton polarization Py
Py is a single-spin polarization observable, which appears in the Born approximation in the
e−+e+ → N+N¯ process with one polarized particle - the antinucleon (N¯), which is polarized
along the y-axis. It is shown below, that this observable doesn’t depend on polarization of
electron. Polarization of antinucleon along y-axis means, that its polarization unit vector ~ξ
has only y-component (~ξ = (0, 1, 0)). This leads to following properties of antinucleon s1y
(34), (65)
~p1 · ~ξ = 0⇒ s10 = 0 ; ~s1y = ~ξ = (0, 1, 0). (79)
The general expression for Py is
Py =
α2β
4q6
[
L(v)µνH
(v)
µν (s1y) + 2Re(L
(i)
µνH
(i)
µν (s1y))
]/dσun
dΩ
=
1
Dq4
[
L(v)µνH
(v)
µν (s1y) + 2Re(L
(i)
µνH
(i)
µν (s1y))
]
, (80)
which can be divided into two parts - with unpolarized electron and with polarized electron
Py =
1
Dq4
[
L(v)µν (0)H
(v)
µν (s1y) + 2Re(L
(i)
µν(0)H
(i)
µν (s1y))
]
+
1
Dq4
[
L(v)µν (S)H
(v)
µν (s1y) + 2Re(L
(i)
µν(S)H
(i)
µν (s1y))
]
.
Firstly we will prove that longitudinally polarized electron doesn’t contribute to the
polarization observable Py. The first term of the polarized electron part equals (40), (54)
for λe = 1:
L(v)µν (S)H
(v)
µν (s1y) = 2i 〈µνk1q〉 ×
2
m(τ − 1)
[
im2(τ − 1)|G˜M |2 〈µνqs1y〉
+iRe(G˜M(G˜E − G˜M)∗)(Pµ 〈νp2p1s1y〉 − Pν 〈µp2p1s1y〉)
+Im(G˜MG˜
∗
E)(Pµ 〈νp2p1s1y〉+ Pν 〈µp2p1s1y〉)
]
.
The lepton tensor is antisymmetric, therefore its product with the third (symmetric) part
of the hadron tensor vanishes. The first product is proportional to
〈µνk1q〉 × 〈µνqs1y〉 = 2(k1 · s1y q2 − k1 · q s1y · q) = 0, (81)
where we used (65, 79) k1.s1y = s1y.q = 0. The second product is proportional to
〈µνk1q〉 × (Pµ 〈νp2p1s1y〉 − Pν 〈µp2p1s1y〉) = −2 〈νPk1q〉 〈νp2p1s1y〉
= −2[P · p2(k1 · s1y q · p1 − k1 · p1 q · s1y) + P · p1(k1 · p2 q · s1y − k1 · s1y q · p2)
+P · s1y(k1 · p1 q · p2 − k1 · p2 q · p1)
]
= 0, (82)
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where again Eqs. (65, 79) was used (P · s1y = q · s1y = k1 · s1y = 0).
The second term of the polarized electron part of Py (45), (60)
L(i)µν(S)H
(i)
µν (s1y) =
[
q2gµν − 2(k2µk1ν + k2νk1µ)
]×
×mA2γ
[
− 2q · s1yG˜∗Mgµν −
2q · s1y
m2(1− τ)(G˜M − G˜E)
∗p1µPν
+(G˜M + G˜E)
∗(s1yµp2ν + s1yνp2µ) + (G˜M − G˜E)∗(s1yµp1ν + s1yνp1µ)
−(G˜M + G˜E)∗(s1yµp1ν − s1yνp1µ)− (G˜M − G˜E)∗(s1yµp2ν − s1yνp2µ)
]
,
where taking into account that q · s1y = 0 and that the product of a symmetric tensor (L(i)µν)
and an antisymmetric tensor is zero leads to
L(i)µν(S)H
(i)
µν (s1y) = 2q
2mA2γ
[
(G˜M + G˜E)
∗s1y · p2 + (G˜M − G˜E)∗s1y · p1
]
−4mA2γ
(
(G˜M + G˜E)
∗(k2 · s1y k1 · p2 + k1 · s1y k2 · p2)
+(G˜M − G˜E)∗(k2.s1y k1 · p1 + k1 · s1y k2 · p1)
)
= 0, (83)
while k2 · s1y = k1 · s1y = p1 · s1y = p2 · s1y = 0.
Therefore, the polarization observable Py depends only on the unpolarized part
Py =
1
Dq4
[
L(v)µν (0)H
(v)
µν (s1y) + 2Re(L
(i)
µν(0)H
(i)
µν (s1y))
]
. (84)
With the help of Eqs. (36, 54), the first term is equal to
L(v)µν (0)H
(v)
µν (s1y) =
[− q2gµν + 2 (k1νk2µ + k1µk2ν) ]
× 2
m(τ − 1)
[
im2(τ − 1)|G˜M |2 〈µνqs1y〉
+iRe(G˜M(G˜E − G˜M)∗)(Pµ 〈νp2p1s1y〉 − Pν 〈µp2p1s1y〉)
+Im(G˜MG˜
∗
E)(Pµ 〈νp2p1s1y〉+ Pν 〈µp2p1s1y〉)
]
.
As L
(v)
µν (0) is a symmetric tensor it gives non-zero product only with the last (symmetric)
part of H
(v)
µν (s1y)
L(v)µν (0)H
(v)
µν (s1y) =
[− q2gµν + 2 (k1νk2µ + k1µk2ν) ]
× 2
m(τ − 1)
[
Im(G˜MG˜
∗
E)(Pµ 〈νp2p1s1y〉+ Pν 〈µp2p1s1y〉)
]
=
2Im(G˜MG˜
∗
E)
m(τ − 1)
[−q2 〈p2p2p1s1y〉+ q2 〈p1p2p1s1y〉
+ 4k1 · P 〈k2p2p1s1y〉+ 4k2 · P 〈k1p2p1s1y〉] ,
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where 〈p2p2p1s1y〉 = 〈p1p2p1s1y〉 = 0, because they are antisymmetric with two equal com-
ponents.
The computation of 〈k2p2p1s1y〉 and 〈k1p2p1s1y〉 is more complicated and for the first time
we will make it in detail. Let us recall the definition of
〈k2p2p1s1〉 = εµνρσk2µp2νp1ρs1yσ, µ, ν, ρ, σ = 0...3. (85)
We get non-zero result only if indices µ, ν, ρ, σ are different from each other (due to antisym-
metric ε-tensor property) and components k2µ, p2ν , p1ρ, s1yσ are non-zero for the given index.
Notice, that in case of Py polarization four-vector s1y has only one (y) non-zero component
(79), so in the equation (85) σ = 2. On the other hand four-momentum k2 is the only
one with non-zero x-component and therefore µ = 1. At last p1 and p2 have two nonzero
components, what leads into (with ε1230 = 1)
ε1νρ2k2xp2νp1ρs1yy = −ε1032k2xp20p1z − ε1302k2xp2zp10
= k2xp20p1z − k2xp2zp10 = 2E|~k1||~p1| sin θ
=
q2
2
m
√
τ − 1 sin θ. (86)
For the 〈k1p2p1s1y〉 we obtain a similar result
〈k1p2p1s1y〉 = −q
2
2
m
√
τ − 1 sin θ
and according to Eq. (65) k1 · P = −k2 · P = m2
√
τ(τ − 1) cos θ, which all together give a
result
L(v)µν (0)H
(v)
µν (s1y) =
8
m(τ − 1)Im(G˜MG˜
∗
E)q
2m3(τ − 1)√τ sin θ cos θ
= 8m2q2Im(G˜MG˜
∗
E)
√
τ sin θ cos θ. (87)
With the help of Eqs. (43, 60), the second term of Eq. (84) is equal to
L(i)µν(0)H
(i)
µν (s1y) = 2i 〈µνk2k1〉mA2γ
[
−2q · s1yG˜∗Mgµν −
2q · s1y
m2(1− τ)(G˜M − G˜E)
∗p1µPν
+(G˜M + G˜E)
∗(s1yµp2ν + s1yνp2µ) + (G˜M − G˜E)∗(s1yµp1ν + s1yνp1µ)
− (G˜M + G˜E)∗(s1yµp1ν − s1yνp1µ)− (G˜M − G˜E)∗(s1yµp2ν − s1yνp2µ)
]
,
where q · s1y = 0 and the product of the antisymmetric L(i)µν(0) with the symmetric parts of
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H
(i)
µν (s1y) vanishes:
L(i)µν(0)H
(i)
µν (s1y)
= −2imA2γ 〈µνk2k1〉
[
(G˜M + G˜E)
∗(s1yµp1ν − s1yνp1µ) + (G˜M − G˜E)∗(s1yµp2ν − s1yνp2µ)
]
= −4imA2γ
[
G˜∗M(〈s1yp1k2k1〉+ 〈s1yp2k2k1〉) + G˜∗E(〈s1yp1k2k1〉 − 〈s1yp2k2k1〉)
]
and
〈s1yp1k2k1〉+ 〈s1yp2k2k1〉 = 〈s1yqk2k1〉 = 0
〈s1yp1k2k1〉 − 〈s1yp2k2k1〉 = −2 〈s1yPk2k1〉 .
Therefore
L(i)µν(0)H
(i)
µν (s1y) = 8imA2γG˜
∗
E 〈s1yPk2k1〉 ,
where (similar to previous derivation)
ε23µνsyyPzk2µk1ν = −ε2301(−|~p1|)k20k1x − ε2310(−|~p1|)k2xk10
= 2m3τ
√
τ − 1 sin θ.
So the second term of Eq. (84) is
L(i)µν(0)H
(i)
µν (s1y) = 16im
4A2γG˜
∗
Eτ
√
τ − 1 sin θ (88)
and finally for Py (87, 88) we get
Py =
2 sin θ
D
√
τ
[
Im(G˜MG˜
∗
E) cos θ +
√
τ − 1
τ
Re[iA2γG˜
∗
E]
]
=
2 sin θ
D
√
τ
[
Im(G˜MG˜
∗
E) cos θ +
√
τ − 1
τ
Im[A∗2γG˜E ]
]
. (89)
The polarization of the outgoing antinucleon in this case is determined by the polarization
component which is perpendicular to the reaction plane.
1. 2γ mechanism and the single spin polarization Py
The polarization Py, being T–odd quantity, does not vanish even in the one–photon–
exchange approximation due to the complexity of the nucleon FFs in the TL region (to say
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more exactly, due to the non–zero difference of the phases of these FFs). This is principal
difference with the elastic electron–nucleon scattering.
In the Born approximation this polarization becomes equal to zero at the scattering angle
θ = 900 (as well at θ = 00 and 1800). The presence of the TPE contributions leads to a
non–zero value of the polarization at this angle and it is determined by a simple expression
Py(90
0) = 2
√
τ − 1
τD¯
ImGEA
∗
2γ , D¯ = D(θ = 90
0).
Here the function A2γ is also calculated at the value θ = 90
0. This quantity expected to
be small due to the fact that it is determined by the interference of the one–photon and
two–photon exchange amplitudes and should be of the order of α. The measurement of this
polarization at θ = 900 contains information about the TPE contribution and its behavior
as a function of q2.
In the threshold region we can conclude that in the Born approximation this polariza-
tion vanishes, due to the relation GE = GM which is valid at the threshold. The TPE
contributions induces a non zero polarization, which is determined by a simple formula
P thy (θ) =
sin 2θ
Dth
ImGN(∆GE −∆GM )∗.
Note that, at threshold, this polarization can still vanish if ∆GE = ∆GM . In this case the
differential cross section does not contain any explicit dependence on the angular variable θ.
In the general case, the amplitudes ∆GE,M depend on the θ variable. The effect of the TPE
contributions for the polarization at an arbitrary scattering angle is expected to increase as
q2 increase, as the TPE amplitudes decrease more slowly with q2 in comparison with the
nucleon FFs.
Using the properties of the TPE amplitudes with respect to the cos θ → − cos θ transfor-
mation, one can remove the contributions of the TPE effects by constructing the following
quantities. Let us introduce the terms Py(q
2, θ0) and Py(q
2, π − θ0), which are integrals
of the polarization Py(q
2, θ) over the angular regions connected by the above mentioned
transformation
Py(q
2, θ0) =
∫ θ0
0
Py(q
2, θ)dΩ, Py(q
2, π − θ0) =
∫ pi
pi−θ0
Py(q
2, θ)dΩ.
Let us calculate the sum and the difference of these two quantities. At the first order of the
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coupling constant α, we obtain
DP (q2, θ0) = Py(q
2, θ0)− Py(q2, π − θ0) =
= −8πR√
τ
(1− R
2
τ
)−(3/2) sin(δM − δE)
[
√
z +
1√
2
ln
∣∣∣∣∣
√
z −√2√
z +
√
2
∣∣∣∣∣
]
, (90)
where
R =
|GE |
|GM | , z = (1− x
2
0)(1−
R2
τ
),
and δM(δE) is the phase of the complex FF GM(GE). We can see that, in this approximation,
the quantity DP does not depend on the TPE contribution. So, the phase difference of FFs
can be correctly determined from this quantity, if the ratio R is known.
Let us consider the ratio of the function Σ(q2, θ0), Eq. (78), calculated at two values of
θ0:
Σ(q2, θ1)
Σ(q2, θ2)
=
1− x1
1− x2 ·
4 + x1 + x
2
1 +
1
τ
(2− x1 − x21)R2
4 + x2 + x22 +
1
τ
(2− x2 − x22)R2
, xi = cos θi, i = 1, 2
This ratio allows to determine R, minimizing systematic errors.
The magnitude of the TPE contribution to the polarization Py, integrated over the con-
sidered angular region, can be obtained from the sum of the quantities introduced above
ΣP (q2, θ0) = Py(q
2, θ0) + Py(q
2, π − θ0)
=
8π√
τ
∫ θ0
0
d cos θ
sinθ
DB
{
cos θIm(GM∆G
∗
E −GE∆G∗M)
−2cos θ
DB
ImGMG
∗
E
[
(1 + cos2 θ)ReGM∆G
∗
M +
sin2 θ
τ
ReGE∆G
∗
E
]
−
√
τ − 1
τ
[
ImGEA
∗
2γ + 4
cos2 θ
DB
ImGMG
∗
EReGMA
∗
N
]}
, (91)
where
DB = (1 + cos
2 θ)|GM |2 + sin
2 θ
τ
|GE|2.
VI. DOUBLE SPIN POLARIZATION OBSERVABLES
A. The component Px
Px is a double-spin polarization observable: the polarization of the incoming electron is
necessary, in order to obtain a polarization of the outgoing antinucleon along the x-axis.
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The definition of the polarization observable Px is similar to Py (80)
Px =
1
Dq4
[
L(v)µνH
(v)
µν (s1x) + 2Re(L
(i)
µνH
(i)
µν (s1x))
]
, (92)
where, according to definition (34), the four-vector s1x is
~ξ = (1, 0, 0)⇒ sx0 = 0 ; ~s1x = (1, 0, 0). (93)
For the derivation of Px we can use the same arguments as for Py, with the following
specificities:
• k1, k2 are not perpendicular to s1x and k1 · s1x = −k2 · s1x = |~k1| sin θ.
• the fully contracted terms 〈....〉, which contain only s, k1, k2, p1, p2, q, P are vanishing,
because these four-vectors have zero y-component.
The first property can be used in steps (81, 82, 83) and, as a consequence, the polarized
electron part of Px is not vanishing. The second property can be used in the derivation
of unpolarized electron part of Px, where similarly to Py, the only ’non-zero’ terms are
proportional to 〈....〉 terms, which are zero for Px. Therefore unpolarized electron process
doesn’t contribute to Px.
Let us repeat steps (81, 82) for Px
〈µνk1q〉 × 〈µνqs1x〉 = 2(k1 · s1x q2 − k1 · q s1x · q) = 2k1 · s1x q2 = 2m
√
τq2 sin θ,
where s1x · q = 0. And
〈µνk1q〉 × (Pµ 〈νp2p1s1x〉 − Pν 〈µp2p1s1x〉) = −2
[
P · p2(k1 · s1x q · p1 − k1 · p1 q · s1x)
+P · p1(k1 · p2 q · s1x − k1 · s1x q · p2) + P · s1x(k1 · p1 q · p2 − k1 · p2 q · p1)
]
= 2
[
P · p1 k1 · s1x q · p2 − P · p2 k1 · s1x q · p1
]
= 2q2m3(τ − 1)√τ sin θ,
where s1x · q = s1x · P = 0. These differences lead to
L(v)µν (S)H
(v)
µν (s1x) = −8m2q2
√
τ sin θ
[|G˜M |2 +Re(G˜M(G˜E − G˜M)∗)]
= −8m2q2√τ sin θRe(G˜MG˜∗E) (94)
30
And step (83)
L(i)µν(S)H
(i)
µν (s1x) = 2q
2mA2γ
(
(G˜M + G˜E)
∗s1x · p2 + (G˜M − G˜E)∗s1x · p1
)
−4mA2γ
[
(G˜M + G˜E)
∗(k2 · s1x k1 · p2 + k1 · s1x k2 · p2)
+(G˜M − G˜E)∗(k2 · s1x k1 · p1 + k1 · s1x k2 · p1)
]
= 0− 4mA2γ
[
(G˜M + G˜E)
∗k1 · s1x p2 · (k2 − k1)
+(G˜M − G˜E)∗k1 · s1x p1 · (k2 − k1)
]
= 16m4τ
√
τ − 1 cos θ sin θA2γG˜∗E . (95)
The results (94, 95) lead to final formula for Px
Px = −2 sin θ
D
√
τ
[
Re(G˜MG˜
∗
E)−
√
τ − 1
τ
cos θRe(A2γG˜
∗
E)
]
. (96)
B. The component Pz
Pz is the polarization of the outgoing antinucleon along the z-axis. It is a double spin
polarization observable, induced by the polarization of incoming electron. The definition of
Pz is (similarly to Py):
Pz =
1
Dq4
[
L(v)µνH
(v)
µν (s1z) + 2Re(L
(i)
µνH
(i)
µν (s1z))
]
,
where s1z is the polarization four-vector with components (similar to longitudinal polariza-
tion of electron, Eq. (39) )
~ξ = (0, 0, 1)⇒ sz0 = |~p1|
m
=
√
τ − 1 ; ~s1z = (0, 0, E
m
) = (0, 0,
√
τ ). (97)
As we can see s1z doesn’t have y-component, what implies (similar as for Px) that the
unpolarized electron part doesn’t contribute to Pz
Pz =
1
Dq4
[
L(v)µν (S)H
(v)
µν (s1z) + 2Re(L
(i)
µν(S)H
(i)
µν (s1z))
]
. (98)
The first part of Eq. (98) comes from Eqs. (40, 54)
L(v)µν (S)H
(v)
µν (s1z) = 2i 〈µνk1q〉 ×
2
m(τ − 1)
[
im2(τ − 1)|G˜M |2 〈µνqs1z〉
+iRe(G˜M (G˜E − G˜M)∗)(Pµ 〈νp2p1s1z〉 − Pν 〈µp2p1s1z〉)
+Im(G˜MG˜
∗
E)(Pµ 〈νp2p1s1z〉+ Pν 〈µp2p1s1z〉)
]
,
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where antisymmetric leptonic tensor gives vanish with symmetric parts of hadronic tensor
L(v)µν (S)H
(v)
µν (s1z) = 2i 〈µνk1q〉 ×
2
m(τ − 1)
[
im2(τ − 1)|G˜M |2 〈µνqs1z〉
+iRe(G˜M (G˜E − G˜M)∗)(Pµ 〈νp2p1s1z〉 − Pν 〈µp2p1s1z〉) ], (99)
where
〈µνk1q〉 × 〈µνqs1z〉 = 2(k1 · s1z q2 − q · s1z k1 · q) = −2mq2τ cos θ (100)
and
〈µνk1q〉 × (Pµ 〈νp2p1s1z〉 − Pν 〈µp2p1s1z〉) = −2 〈µPk1q〉 × 〈µp2p1s1z〉
= −2[P · p2(k1 · s1z q · p1 − k1 · p1 q · s1z) + P · p1(k1 · p2 q · s1z − k1 · s1z q · p2)
+ P · s1z(k1 · p1 q · p2 − k1 · p2 q · p1)
]
= 0, (101)
where we used notations (65) and (97). Now we can use Eqs. (100, 101) in Eq. (99)
L(v)µν (S)H
(v)
µν (s1z) = 2q
4|G˜M |2. cos θ (102)
The second part of (98) is according to (45, 60)
L(i)µν(S)H
(i)
µν (s1z) =
[
q2gµν − 2(k2µk1ν + k2νk1µ)
]
mA2γ
[
−2q · s1zG˜∗Mgµν
− 2q · s1z
m2(1− τ)(G˜M − G˜E)
∗p1µPν
+(G˜M + G˜E)
∗(s1zµp2ν + s1zνp2µ) + (G˜M − G˜E)∗(s1zµp1ν + s1zνp1µ)
−(G˜M + G˜E)∗(s1zµp1ν − s1zνp1µ)− (G˜M − G˜E)∗(s1zµp2ν − s1zνp2µ)
]
,
where the symmetric leptonic tensor vanish when multiplied with the antisymmetric part of
hadronic tensor
L(i)µν(S)H
(i)
µν (s1z) =
[
q2gµν − 2(k2µk1ν + k2νk1µ)
]
×mA2γ
[
−2q · s1zG˜∗Mgµν −
2q · s1z(G˜M − G˜E)∗
m2(1− τ) p1µPν
+ (G˜M + G˜E)
∗(s1zµp2ν + s1zνp2µ) + (G˜M − G˜E)∗(s1zµp1ν + s1zνp1µ)
]
(103)
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and after multiplication we get
L(i)µν(S)H
(i)
µν (s1z) = 2q
2mA2γ
[
−3q · s1zG˜∗M −
q · s1z(G˜M − G˜E)∗
m2(1− τ) p1 · P + 2G˜
∗
Es1z · P
]
+4mA2γ
[
2q · s1zG˜∗Mk1 · k2 +
q · s1z(G˜M − G˜E)∗
m2(1− τ) (p1 · k1 P · k2 + p1 · k2 P · k1)
−(G˜M + G˜E)∗(s1z · k2 p2 · k1 + s1z · k1 p2 · k2)
− (G˜M − G˜E)∗(s1z · k2 p1 · k1 + s1z · k1 p1 · k2)
]
. (104)
Inserting Eqs. (65) and (97) the following expression is obtained:
L(i)µν(S)H
(i)
µν (s1z) = −q4A2γG˜∗M
√
τ − 1
τ
(1 + cos2 θ). (105)
Substituting Eqs. (102, 105) into Eq. (98), the final formula for Pz is:
Pz =
2
D
[
|G˜M |2 cos θ − Re(A2γG˜∗M)
√
τ − 1
τ
(1 + cos2 θ)
]
. (106)
Transversally polarized electron beams lead to antinucleon polarization, which is a factor
(me/m) smaller than in case of longitudinal polarization.
The polarization component Pz vanishes when the proton is emitted at an angle θ = 90
0
in the Born approximation. But the presence of the TPE term A2γ in the electromagnetic
hadron current may lead to non–zero value of this quantity if the amplitude A2γ(θ = 90
0) is
not zero, since the value of this component is determined by the term ReA2γG
∗
M .
VII. SPIN CORRELATIONS
Let us consider the case when the produced antinucleon and nucleon are both polarized.
For convenience, let us write the vector part of the hadronic current in the following form
J (v)µ = u¯(p2)
[
G˜Mγµ +G2Pµ
]
u(−p1), (107)
where we introduce the following notation:
G2 = −G˜M − G˜E
m(1− τ) , (108)
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which differs by sign for the corresponding Eqs. (28,29). Then, according to the definition,
the hadronic tensor H
(v)
µν is
H(v)µν = J
(v)
µ J
(v)∗
ν = u¯(p2)
[
G˜Mγµ +G2Pµ
]
u(−p1)u¯(−p1)γ4
[
G˜Mγν +G2Pν
]+
γ4u(p2)
= TrΛ(p2)
[
G˜Mγµ +G2Pµ
]
Λ(−p1)
[
G˜∗Mγν +G
∗
2Pν
]
(109)
= Tr
1
2
(pˆ2 +m)(1− γ5sˆ2)
[
G˜Mγµ +G2Pµ
] 1
2
(pˆ1 −m)(1− γ5sˆ1)
[
G˜∗Mγν +G
∗
2Pν
]
,
where Λ(p2)(Λ(−p1)) is the spin–density matrix of the nucleon (antinucleon).
Retaining here the contribution proportional to the final particle polarizations we obtain
for the H
(v)
µν (s1, s2) tensor the following expression
H(v)µν (s1, s2) =
(
−1
2
)(
−1
2
)
Tr(pˆ2 +m)γ5sˆ2
[
G˜Mγµ +G2Pµ
]
(pˆ1 −m)γ5sˆ1
[
G˜∗Mγν +G
∗
2Pν
]
=
1
4
Tr(pˆ2 +m)sˆ2
[
−G˜Mγµ +G2Pµ
]
(pˆ1 +m)sˆ1
[
G˜∗Mγν +G
∗
2Pν
]
. (110)
γ5 was eliminated using the following rules: γ
2
5 = 1 and γ5γµ + γµγ5 = 0. So, the expression
for this tensor can be written as
H(v)µν (s1, s2) =
1
4
Tr
[
G2Pµ(msˆ2 + pˆ2sˆ2)−mG˜M sˆ2γµ − G˜M pˆ2sˆ2γµ
]
[
G∗2Pν(msˆ1 + pˆ1sˆ1) +mG˜
∗
M sˆ1γν + G˜
∗
M pˆ1sˆ1γν
]
. (111)
Only the terms with even number of gamma matrices do not vanish:
H(v)µν (s1, s2) =
=
1
4
Tr
[
m2|G2|2PµPν sˆ2sˆ1 −mG˜MG∗2Pν pˆ2sˆ2γµsˆ1
+ |G2|2PµPν pˆ2sˆ2pˆ1sˆ1 −mG˜MG∗2Pν sˆ2γµpˆ1sˆ1 −m2|G˜M |2sˆ2γµsˆ1γν
+mG˜∗MG2Pµpˆ2sˆ2sˆ1γµ +mG˜
∗
MG2Pµsˆ2pˆ1sˆ1γµ − |G˜M |2pˆ2sˆ2γµpˆ1sˆ1γν
]
= m2|G2|2PµPνs1 · s2 + |G2|2PµPν(p1 · s1p2 · s2 + p1 · s2p2 · s1 − p1 · p2s1 · s2)
−mG˜MG∗2Pν(p2 · s2s1µ + p2 · s1s2µ − s1 · s2p2µ + p1 · s1s2µ + s1 · s2p1µ − p1 · s2s1µ)
−m2|G˜M |2(s1µs2ν + s2µs1µ − s1 · s2gµν) +mG˜∗MG2Pµ(p2 · s2s1ν
− p2 · s1s2ν + s1 · s2p2ν + p1 · s1s2ν − s1 · s2p1ν + p1 · s2s1ν)− 1
4
|G˜M |2Xµν , (112)
where Xµν = Trpˆ2sˆ2γµpˆ1sˆ1γν (we calculate this trace separately). To simplify this expression
let us remind that the four–vectors siµ(i = 1, 2) satisfy to the conditions p1 · s1 = p2 · s2 = 0.
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Applying these relations we obtain
q · s1 = (p1 + p2) · s1 = p1 · s1 + p2 · s1 = p2 · s1, (113a)
q · s2 = (p1 + p2) · s2 = p1 · s2 + p2 · s2 = p1 · s2. (113b)
Taking into account that
Pµ =
1
2
(p2 − p1)µ, m2 − p1 · p2 = 2m2(1− τ)
the expression for the H
(v)
µν (s1, s2) tensor can be written in the following form
H(v)µν (s1, s2) = |G2|2PµPν [q · s1q · s2 + 2m2(1− τ)s1 · s2]
−m2|G˜M |2(s1µs2ν + s1νs2µ − s1 · s2gµν)
−mG˜MG∗2Pν(q · s1s2µ − q · s2s1µ − 2s1 · s2Pµ)
+mG˜∗MG2Pµ(q · s2s1ν − q · s1s2ν + 2s1 · s2Pν)−
1
4
|G˜M |2Xµν . (114)
Let us calculate the Xµν tensor, which can be written in the following form
Xµν = Trpˆ2sˆ2γµpˆ1sˆ1γν = Tr(γiγkγµγmγnγν)p2is2kp1ms1n.
The trace of six gamma matrices can be written as
Trγiγkγµγmγnγν = gik{µmnν} − giµ{kmnν} + gim{kµnν} − gin{kµmν}+ giν{kµmn},
where we introduce the notation {iklm} = 4(gikglm − gilgkm + gimgkl). So, the Xµν tensor
becomes:
Xµν = p2 · s2{µmnν}p1ms1n − {kmnν}p2µs2kp1ms1n + p1 · p2{kµnν}s2ks1n
−s1 · p2{kµmν}s2kp1m + {kµmn}p2νs2kp1ms1n
= −p2µ4(p1 · s2s1ν + p1 · s1s2ν − s1 · s2p1ν) + p1 · p24(s1µs2ν + s1νs2µ − s1 · s2gµν)
−s1 · p24(s2µp1ν + s2νp1µ − p1 · s2gµν) + p2ν4(s2µs1 · p1 + p1µs1 · s2 − s1µp1 · s2)
= 4 [p1 · p2(s1µs2ν + s1νs2µ − s1 · s2gµν)− q · s2(s1µp2ν + s1νp2µ) + q · s1q · s2gµν
−q · s1(s2µp1ν + s2νp1µ) + s1 · s2(p1µp2ν + p1νp2µ)] . (115)
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So, using the relations p1ν = qν/2−Pν , p2ν = qν/2+Pν , we have for the H(v)µν (s1, s2) tensor2
H(v)µν (s1, s2) = |G2|2PµPν
[
q · s1q · s2 + 2m2(1− τ)s1 · s2
]−m2|G˜M |2(s1µs2ν + s1νs2µ
−s1 · s2gµν) + 4ms1 · s2ReG2G˜∗MPµPν +mq · s2(G2G˜∗MPµs1ν +G∗2G˜MPνs1µ)
−mq · s1(G2G˜∗MPµs2ν +G∗2G˜MPνs2µ)− |G˜M |2 [p1 · p2(s1µs2ν + s1νs2µ
−s1 · s2gµν)− q · s2(s1νPµ + s1µPν) + q · s1(s2νPµ + s2µPν)
+ q · s1q · s2gµν − 2s1 · s2PµPν ] . (116)
Using the relation ψaibj+ψ
∗ajbi = Reψ(aibj+ajbi)+iImψ(aibj−ajbi) we can write Eq. (116)
in the following general form
H(v)µν (s1, s2) = C1gµν + C2PµPν + C3(Pµs1ν + Pνs1µ) + C4(Pµs2ν + Pνs2µ)
+C5(s1µs2ν + s1νs2µ) + iC6(Pµs1ν − Pνs1µ) + iC7(Pµs2ν − Pνs2µ).(117)
The structure functions Ci have the following form
C1 =
1
2
(q2s1 · s2 − 2q · s1q · s2)|G˜M |2,
C2 =
2
(τ − 1)2
[
|τG˜M − G˜E |2s1 · s2 + 1
4m2
(2q · s1q · s2 − q2s1 · s2)|G˜E − G˜M |2
]
,
C3 = ReE1, C4 = ReE2, C5 = −q
2
2
|G˜M |2, C6 = ImE1, C7 = ImE2,
E1 =
q · s2
τ − 1(τ |G˜M |
2 − G˜EG˜∗M), E2 = −
q · s1
τ − 1(τ |G˜M |
2 − G˜EG˜∗M), (118)
Now let us calculate the hadronic tensor H
(i)
µν (s1, s2). According to the definition one has
H(i)µν (s1, s2) = J
(a)
µ J
(v)∗
ν = u¯(p2)γµγ5u(−p1)A2γu¯(−p1)
[
G˜∗Mγν +G
∗
2Pν
]
u(p2) (119)
= A2γTrΛ(p2)γµγ5Λ(−p1)
[
G˜∗Mγν +G
∗
2Pν
]
= A2γTr
1
2
(pˆ2 +m)(1− γ5sˆ2)γµγ51
2
(pˆ1 −m)(1− γ5sˆ1)
[
G˜∗Mγν +G
∗
2Pν
]
.
Retaining here the contribution proportional to the final particle polarizations we obtain for
the H
(i)
µν (s1, s2) tensor the following expression
H(i)µν (s1, s2) = (−
1
2
)(−1
2
)A2γTr(pˆ2 +m)γ5sˆ2γµγ5(pˆ1 −m)γ5sˆ1
[
G˜∗Mγν +G
∗
2Pν
]
=
1
4
A2γTr(pˆ2 +m)sˆ2γµ(pˆ1 −m)γ5sˆ1
[
G˜∗Mγν +G
∗
2Pν
]
, (120)
2 We omitted the terms proportional to qµ or qν , since they do not contribute to the cross section and to
the polarization observables due to the conservation of the leptonic current.
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where the following properties were applied: γ5sˆ2γµγ5 = −sˆ2γ5γµγ5 = sˆ2γµγ25 = sˆ2γµ and
TrABC = TrBCA. Therefore:
H(i)µν (s1, s2) =
1
4
A2γTrγ5
[
G˜∗M sˆ1γν +G
∗
2Pν sˆ1
] [−m2sˆ2γµ −mpˆ2sˆ2γµ +msˆ2γµpˆ1 + pˆ2sˆ2γµpˆ1]
=
1
4
A2γTrγ5
[
mG∗2Pν(sˆ1sˆ2γµpˆ1 − sˆ1pˆ2sˆ2γµ)−m2G˜∗M sˆ1γν sˆ2γµ + G˜∗M sˆ1γν pˆ2sˆ2γµpˆ1
]
=
1
4
A2γ(−4i)
[
mG∗2Pν(< s1s2µp1 > − < s1p2s2µ >)−m2G˜∗M < s1νs2µ >
]
+
1
4
A2γG˜
∗
MYµν , (121)
where Yµν = Trγ5sˆ1γν pˆ2sˆ2γµpˆ1. In order to calculate this trace let us write the following
identity:
γαγβγµ = gαβγµ + gβµγα − gαµγβ + i < αβµν > γνγ5.
So, one finds:
Yµν = Trγ5sˆ1γν pˆ2sˆ2γµpˆ1 = Trγ5γαγνγβ sˆ2γµpˆ1s1αp2β
= Trγ5 [gανγβ + gβνγα − gαβγν + i < ανβρ > γργ5] sˆ2γµpˆ1s1αp2β
= Trγ5 [s1ν pˆ2 + p2ν sˆ1 − p2 · s1γν + i < s1νp2ρ > γργ5] sˆ2γµpˆ1
= −4i(s1ν < p2s2µp1 > +p2ν < s1s2µp1 > −p2 · s1 < νs2µp1 >)
−4i < s1νp2ρ > (s2ρp1µ + s2µp1ρ − p1 · s2gρµ)
= −4i(s1ν < p2s2µp1 > +p2ν < s1s2µp1 > −p2 · s1 < νs2µp1 > +s2µ < s1νp2p1 >
+p1µ < s1νp2s2 > −p1 · s2 < s1νp2µ >).
Then, the expression for the H
(i)
µν (s1, s2) tensor can be written as
H(i)µν (s1, s2) = −iA2γ
[
−2mG∗2Pν < µs1s2P > −m2G˜∗M < µνs1s2 >
+G˜∗M(−q · s1 < µνs2p1 > −q · s2 < µνs1p2 > +p1µ < νs1s2p2 >
+p2ν < µs1s2p1 > +s2µ < νp2s1p1 > +s1ν < µp2s2p1 >)]
= iA2γ
[
2
τ − 1(GM −GE)
∗Pν < µs1s2P > +G
∗
M(m
2 < µνs1s2 >
+q · s1 < µνs2p1 > +q · s2 < µνs1p2 > −p1µ < νs1s2p2 >
−p2ν < µs1s2p1 > −s2µ < νp2s1p1 > −s1ν < µp2s2p1 >)] . (122)
This tensor does not contain the terms proportional to ∆GM and ∆GE since it is proportional
to the TPE term A2γ (terms of the order of α
2 compared to the dominant (Born) terms
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were neglected). The antisymmetrical parts of the H
(v)
µν (s1, s2) and H
(i)
µν (s1, s2) tensors (with
respect to the µ and ν indices) arise due to the fact that nucleon FFs in the TL region of
the momentum transfer are complex quantities.
A. Spin correlations: unpolarized electron beam
Let us calculate the components of the polarization correlation tensor Pik, (i, k = x, y, z),
of the antinucleon and nucleon in presence of TPE mechanism. Let us consider firstly the
case of unpolarized lepton beams. The contribution of the vector part of the hadronic current
is determined by the following expression
S(v)(s1, s2) = L
(v)
µν (0)H
(v)
µν (s1, s2)
=
[−q2gµν + 2(k1µk2ν + k1νk2µ)] [C1gµν + C2PµPν + C3(Pµs1ν + Pνs1µ)
+C4(Pµs2ν + Pνs2µ) + C5(s1µs2ν + s1νs2µ) + iC6(Pµs1ν − Pνs1µ)
+iC7(Pµs2ν − Pνs2µ)]
= −2q2C1 + (4P · k1P · k2 − q2P 2)C2 + 2 [2(P · k1s1 · k2 + P · k2s1 · k1)
−q2P · s1
]
C3 + 2
[
2(P · k1s2 · k2 + P · k2s2 · k1)− q2P · s2
]
C4
+2
[
2(s1 · k1s2 · k2 + s2 · k1s1 · k2)− q2s1 · s2
]
C5. (123)
Note that the convolution of the symmetrical lepton tensor and antisymmetrical parts of the
hadronic tensor (with respect to µ and ν), which is proportional to the structure functions
C6 and C7, is equal to zero. Let us give some necessary relations among the kinematical
variables:
P · s1 = 1
2
(p2 − p1) · s1 = 1
2
p2 · s1 = 1
2
q · s1,
P · s2 = 1
2
(p2 − p1) · s2 = −1
2
p1 · s2 = −1
2
q · s2, (124)
P 2 =
1
4
(2m2 − 2p1 · p2) = 1
4
[
2m2 − (q2 − 2m2)] = m2(1− τ),
P · k2 + P · k1 = P · (k1 + k2) = P · q = 1
2
(p2 − p1) · (p2 + p1) = 0→ P · k2 = −P · k1
With the help of relations (124), Eq. (123) can be simplified,as:
S(v)(s1, s2) = −2q2C1 −
[
4(P · k1)2 + (1− τ)m2q2
]
C2 +
[
4P · k1s1 · (k2 − k1)− q2q · s1
]
C3
+
[
4P · k1s2 · (k2 − k1) + q2q · s2
]
C4
+2
[
2(s1 · k1s2 · k2 + s1 · k2s2 · k1)− q2s1 · s2
]
C5. (125)
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Substituting the expressions (118) for the structure functions Ci into Eq. (125) one finds:
S(v)(s1, s2) = − 2
τ − 1
[
τ |G˜M |2 − |G˜E|2
] [
4(P · k1)2 + (1− τ)m2q2
]
s1 · s2
+
{
2q2
τ − 1
[
ReG˜MG˜
∗
E − |G˜M |2
]
− [4(P · k1)2 + (1− τ)m2q2] |G2|2
}
q · s1q · s2
+4
P · k1
τ − 1
[
τ |G˜M |2 −ReG˜MG˜∗E
]
[s1 · (k2 − k1)q · s2 − s2 · (k2 − k1)q · s1]
−2q2|G˜M |2(s1 · k1s2 · k2 + s1 · k2s2 · k1). (126)
The scalar products of various four–vectors in the chosen coordinate system is:
P · k1 = ~k · ~p = Ep cos θ, 4(P · k1)2 + (1− τ)m2q2 = −p2q2 sin2 θ, τ − 1 = p
2
m2
,
q · s1 = 2Es10, q · s2 = 2Es20, (k2 − k1) · s1 = 2~k · ~s1, (k2 − k1) · s2 = 2~k · ~s2.
The time and space components of the antinucleon (nucleon) polarization four–vectors
s1µ(s2µ) can be related to the unit polarization vector ~ξ1(~ξ2) in its rest frame. The fol-
lowing relations hold:
s10 =
1
m
~p · ~ξ1 = p
m
ξ1z, ~s1 = ~ξ1 +
~p · ~ξ1~p
m(E +m)
, s1x = ξ1x, s1y = ξ1y, s1z =
E
m
ξ1z,
s20 = − 1
m
~p · ~ξ2 = − p
m
ξ2z, ~s2 = ~ξ2 +
~p · ~ξ2~p
m(E +m)
, s2x = ξ2x, s2y = ξ2y, s2z =
E
m
ξ2z.
Then the different scalar products, including polarization four–vectors, are
s1 · s2 = −ξ1xξ2x − ξ1yξ2y − E
2 + p2
m2
ξ1zξ2z, q · s1q · s2 = − p
2
m2
q2ξ1zξ2z,
(k2 − k1) · s1q · s2 − (k2 − k1) · s2q · s1 =
= − p
m
q2
[(
E
m
cos θξ2z − sin θξ2x
)
ξ1z +
(
E
m
cos θξ1z − sin θξ1x
)
ξ2z
]
,
(s1 · k1s2 · k2 + s1 · k2s2 · k1) =
= −q
2
2
[
sin2 θξ1xξ2x − cos θ sin θE
m
(ξ1xξ2z + ξ2xξ1z) +
1
m2
(
p2 + E2 cos2 θ
)
ξ1zξ2z
]
.
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Eq. (126) can be expressed in terms of the polarization unit vectors ~ξ1 and ~ξ2 as:
S(v)(s1, s2) = 2m
2q2 sin2 θ
[
τ |G˜M |2 − |G˜E |2
]
s1 · s2
+
q2
p2
{
2m2
[
ReG˜EG˜
∗
M − |G˜M |2
]
+ p4 sin2 θ|GN |2
}
q · s1q · s2
+4m2
E
p
cos θ
[
τ |G˜M |2 −ReG˜EG˜∗M
]
[(k2 − k1) · s1q · s2 − (k2 − k1) · s2q · s1]
−2q2|G˜M |2(s1 · k1s2 · k2 + s1 · k2s2 · k1)
= −2m2q2 sin2 θ
[
τ |G˜M |2 − |G˜E|2
]
(ξ1xξ2x + ξ1yξ2y +
E2 + p2
m2
ξ1zξ2z)
− q
4
m2
{
2m2
[
ReG˜EG˜
∗
M − |G˜M |2
]
+ p4 sin2 θ|G2|2
}
ξ1zξ2z
−4mEq2 cos θ
[
τ |G˜M |2 − ReG˜EG˜∗M
] [(E
m
cos θξ2z − sin θξ2x
)
ξ1z
+
(
E
m
cos θξ1z − sin θξ1x
)
ξ2z
]
+q4|G˜M |2
[
sin2 θξ1xξ2x − cos θ sin θE
m
(
ξ1xξ2z + ξ2xξ1z) +
1
m2
(p2 + E2 cos2 θ
)
ξ1zξ2z
]
= A1ξ1xξ2x + A2ξ1yξ2y + A3ξ1zξ2z + A4ξ1xξ2z + A5ξ2xξ1z, (127)
where the coefficients Ai, (i = 1− 5), are
A1 =
1
2τ
q4 sin2 θ
[
|G˜E|2 + τ |G˜M |2
]
,
A2 =
1
2τ
q4 sin2 θ
[
|G˜E|2 − τ |G˜M |2
]
,
A3 =
1
2τ
q4 sin2 θ
[
(1 + cos2 θ)τ |G˜M |2 − |G˜E|2
]
,
A4 = A5 = − 1√
τ
q4 sin θ cos θReG˜EG˜
∗
M . (128)
Now let us consider the contribution of the axial part of the hadronic current. The contrac-
tion of the unpolarized interference lepton tensor and interference hadronic tensor is
S(i)(s1, s2) = L
(i)
µν(0)H
(i)
µν (s1, s2)
= −2i < µνk1k2 > iA2γ
[
2
τ − 1(GM −GE)
∗Pν < µs1s2P >
+G∗M(m
2 < µνs1s2 > +q · s1 < µνs2p1 > +q · s2 < µνs1p2 >
−p1µ < νs1s2p2 > −p2ν < µs1s2p1 > −s2µ < νp2s1p1 > −s1ν < µp2s2p1 >)]
= 2A2γ
[
2
τ − 1(GM −GE)
∗B1 +G
∗
M
(
m2B2 + q · s1B3 + q · s2B4
+B5 +B6 +B7 +B8)
]
, (129)
40
where we introduce the notations for the contractions of the tensors
B1 = < µPk1k2 >< µs1s2P >, B2 =< µνk1k2 >< µνs1s2 >,
B3 = < µνk1k2 >< µνs2p1 >, B4 =< µνk1k2 >< µνs1p2 >,
B5 = < µp1k1k2 >< µs1s2p2 >, B6 = − < µp2k1k2 >< µs1s2p1 >,
B7 = < µs2k1k2 >< µp2s1p1 >, B8 = − < µs1k1k2 >< µp2s2p1 > . (130)
Moreover
B5 +B6 = B5− < µp2k1k2 >< µs1s2(q − p2) >
= B5− < µp2k1k2 > (< µs1s2q > − < µs1s2p2 >)
= < µp1k1k2 >< µs1s2p2 > + < µp2k1k2 >< µs1s2p2 > − < µp2k1k2 >< µs1s2q >
= < µs1s2p2 >< µ(p1 + p2)k1k2 > − < µp2k1k2 >< µs1s2q >
= − < µp2k1k2 >< µs1s2q > . (131)
The following relations are used to calculate the quantities Bi:
< µνab >< µνcd > = 2(a · db · c− a · cb · d),
< µabc >< µdef > = a · d(b · fc · e− b · ec · f) + a · e(b · dc · f − b · fc · d)
+a · f(b · ec · d− b · dc · e), (132)
which results in
B1 = P · s1(P · k1k2 · s2 − P · k2k1 · s2) + P · s2(P · k2k1 · s1 − P · k1k2 · s1)
+P 2(k1 · s2k2 · s1 − k1 · s1k2 · s2),
B2 = 2(k1 · s2k2 · s1 − k1 · s1k2 · s2), B3 = 2(k1 · p1k2 · s2 − k1 · s2k2 · p1),
B4 = 2(k1 · p2k2 · s1 − k1 · s1k2 · p2),
B5 + B6 = −p2 · s1(q · k1k2 · s2 − q · k2k1 · s2)− p2 · s2(q · k2k1 · s1 − q · k1k2 · s1)
−q · p2(k1 · s2k2 · s1 − k1 · s1k2 · s2),
B7 = p2 · s2(p1 · k1k2 · s1 − p1 · k2k1 · s1) + s1 · s2(k1 · p2k2 · p1 − p1 · k1k2 · p2)
+p1 · s2(k1 · s1k2 · p2 − k1 · p2k2 · s1),
B8 = −p2 · s1(p1 · k1k2 · s2 − p1 · k2k1 · s2)− s1 · s2(k1 · p2k2 · p1 − p1 · k1k2 · p2)
−p1 · s1(k1 · s2k2 · p2 − k1 · p2k2 · s2) (133)
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which can be further simplified:
B1 = P · k1q · s1q · s2 +m2(1− τ)(k1 · s2k2 · s1 − k1 · s1k2 · s2),
B5 +B6 = −q
2
2
q · s1(k2 − k1) · s2 − q
2
2
(k1 · s2k2 · s1 − k1 · s1k2 · s2),
B7 = s1 · s2[(p1 · k2)2 − (p1 · k1)2] + q · s2(p1 · k1k1 · s1 − p1 · k2k2 · s1),
B8 = −q · s1(k1 · p1k2 · s2 − k1 · s2p1 · k2)− s1 · s2[(p1 · k2)2 − (p1 · k1)2]. (134)
Therefore:
m2B2 + q · s1B3 + q · s2B4 +B5 +B6 +B7 +B8 =
= 2m2(1− τ)(k1 · s2k2 · s1 − k1 · s1k2 · s2) + q · s2(p1 · k2k2 · s1 − p1 · k1k1 · s1)
+ q · s1(p1 · k1k2 · s2 − p1 · k2k1 · s2)− q
2
2
q · s1(k2 − k1) · s2. (135)
So, Eq. (129) for S(i)(s1, s2) takes the form
S(i)(s1, s2) = 4A2γ
[
m2G∗E(k1 · s2k2 · s1 − k1 · s1k2 · s2) +
1
τ − 1(GM −GE)
∗P · k1q · s1q · s2
]
,
(136)
where the following equalities were applied:
q · s2k2 · s1 − q · s1k1 · s2 = q · s1k2 · s2 − q · s2k1 · s1,
q · s1k1 · s2 − q · s2k1 · s1 = k2 · s1k1 · s2 − k1 · s1k2 · s2.
Let us calculate the following relation:
s1 · k2s2 · k1 − s1 · k1s2 · k2 =
(Es10 + ~k~s1)(Es20 − ~k~s2)− (Es10 − ~k~s1)(Es20 + ~k~s2) = 2E(s20~k~s1 − s10~k~s1)
= −q
2
2
p
m
[(
E
m
cos θξ1z − sin θξ1x
)
ξ2z +
(
E
m
cos θξ2z − sin θξ2x
)
ξ1z
]
. (137)
Then the contraction Eq. (136) can be expressed in terms of the polarization unit vectors
~ξ1 and ~ξ2 as follows
S(i)(s1, s2) = −4A2γpq2
[
−m
2
sin θG∗E(ξ1xξ2z + ξ2xξ1z) + E cos θG
∗
Mξ1zξ2z
]
. (138)
The part of the differential cross section proportional to the polarization correlation can be
written as
dσ(s1, s2)
dΩ
=
1
2
α2β
4q6
[
S(v)(s1, s2) + 2ReS
(i)(s1, s2)
]
, (139)
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where the factor 1/2 results from averaging over the positron polarizations. The factor
corresponding to the average over the electron polarization states is already taken into
account in the L
(v,i)
µν (0) tensors. Eq. (139) can be written as a function of the polarization
of the final hadrons as:
dσ(s1, s2)
dΩ
=
1
4
dσun
dΩ
[Pxxξ1xξ2x + Pyyξ1yξ2y + Pzzξ1zξ2z + Pxzξ1xξ2z + Pzxξ1zξ2x] , (140)
where the components of the polarization correlation tensor Pik are
Pxx =
sin2 θ
τD
[
τ(|GM |2 + 2ReGM∆G∗M) + |GE|2 + 2ReGE∆G∗E
]
,
Pyy =
sin2 θ
τD
[|GE |2 + 2ReGE∆G∗E − τ(|GM |2 + 2ReGM∆G∗M )] ,
Pzz =
1
τD
[
τ(1 + cos2 θ)(|GM |2 + 2ReGM∆G∗M )
− sin2 θ(|GE |2 + 2ReGE∆G∗E)− 4
√
τ(τ − 1) cos θReGMA∗2γ
]
,
Pxz = Pzx = −2 sin θ√
τD
[cos θRe(GMG
∗
E +GM∆G
∗
E +GE∆G
∗
M)
−
√
τ − 1
τ
ReGEA
∗
2γ
]
. (141)
B. Spin correlations: longitudinally polarized electron beam
Let us consider now the case of longitudinally polarized electron beam, while the positron
beam is unpolarized.
Then the contraction of the vector parts of the leptonic and hadronic tensors can be
written as
S(v)(s1, s2, λe) = L
(v)
µν (λe)H
(v)
µν (s1, s2) =
= 2iλe < µνqk2 > [C1gµν + C2PµPν + C3(Pµs1ν + Pνs1µ) + C4(Pµs2ν + Pνs2µ)
+C5(s1µs2ν + s1νs2µ) + iC6(Pµs1ν − Pνs1µ) + iC7(Pµs2ν − Pνs2µ)]
= −4λe(C6 < Ps1qk2 > +C7 < Ps2qk2 >), (142)
where we took into account the fact that the contractions of the antisymmetrical leptonic
tensor with the symmetrical parts of the hadronic tensor, which are proportional to the
structure functions C1 − C5, vanish.
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As an example, let us calculate the contraction < Paqk2 > where aµ is an arbitrary
four–vector:
< Paqk2 > = 2E < Pa4k2 >= −2EPi < ia4k2 >= 2Ep < za4k2 >= −2Epk2i < za4i >=
= 2Epki < za4i >= −2EpE sin θ < za4x >= 2E2p sin θ < zy4x > ay
= 2E2p sin θay. (143)
Using this result one can easily obtain that
< Ps1qk2 >= 2E
2p sin θξ1y, < Ps2qk2 >= 2E
2p sin θξ2y.
Substituting the expressions for the structure functions C6 and C7, Eq. (118):
S(v)(s1, s2, λe) = −4λep sin θq
2
2
1
τ − 1ImGMG
∗
E(q · s2ξ1y − q · s1ξ2y)
= −2λep sin θ q
2
τ − 1ImGMG
∗
E(−2E
p
m
ξ1yξ2z − 2E p
m
ξ1zξ2y)
= λe sin θ
q4√
τ
ImGMG
∗
E(ξ1yξ2z + ξ1zξ2y). (144)
The contraction of the interference parts of the leptonic and hadronic tensors can be written
as
S(i)(s1, s2, λe) = L
(i)
µν(λe)H
(i)
µν (s1, s2)
= λe
[
q2gµν − 2(k1µk2ν + k1νk2µ)
]
iA2γ
[ 2
τ − 1(GM −GE)
∗Pν < µs1s2P >
+G∗M(m
2 < µνs1s2 > +q · s1 < µνs2p1 > +q · s2 < µνs1p2 > (145)
−p1µ < νs1s2p2 > −p2ν < µs1s2p1 > −s2µ < νp2s1p1 > −s1ν < µp2s2p1 >)
]
.
The contractions of the symmetrical unpolarized lepton tensor and antisymmetrical parts
of the interference hadronic tensor are equal to zero. As a result we have
S(i)(s1, s2, λe) = −iλeA2γ
{
4
τ − 1(GM −GE)
∗
[−q2 < Ps1s2P > +P · k1 < k2s1s2P >
+P · k2 < k1s1s2P >] (146)
+G∗M
[
q2 < p1s1s2p2 > −2(p1 · k1 < k2s1s2p2 > +p1 · k2 < k1s1s2p2 >)
+q2 < p2s1s2p1 > −2(p2 · k2 < k1s1s2p1 > +p2 · k1 < k2s1s2p1 >)
+q2 < s2p2s1p1 > −2(k1 · s2 < k2p2s1p1 > +k2 · s2 < k1p2s1p1 >)
+q2 < s1p2s2p1 > −2(k2 · s1 < k1p2s2p1 > +k1 · s1 < k2p2s2p1 >)
]}
.
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The term < Ps1s2P > vanishes, since it is the product of the antisymmetrical tensor εµνρσ
and the symmetrical tensor PµPν . To simplify this expression one can use the following
property of < abcd >: any permutation of the neighboring variables gives factor (−1), for
example, < abcd >= − < acbd >. Four terms, proportional to q2, are canceled out. Using
the conservation of four–momenta in the reaction, k1 + k2 = p1 + p2, one can prove that
p1 · k1 = p2 · k2 and p1 · k2 = p2 · k1. Taking into account these relations, we can rewrite Eq.
(146) in the form:
S(i)(s1, s2, λe) = −iλeA2γ
{
4
P · k1
τ − 1 < (k2 − k1)s1s2P > (GM −GE)
∗
− 2G∗M [p1 · k1(< s1s2k1p1 > + < s1s2k2p2 >) + p1 · k2(< s1s2k1p2 >
+ < s1s2k2p1 >) + k1 · s1 < s2k2p2p1 > +k2 · s1 < s2k1p2p1 >
+k2 · s2 < s1k1p2p1 > +k1 · s2 < s1k2p2p1 >]
}
. (147)
One can also obtain the following relations
< s2k1p2p1 > = < s2(q − k2)p2p1 >=< s2qp2p1 > − < s2k2p2p1 >= − < s2k2p2p1 >,
< s1k2p2p1 > = < s1(q − k1)p2p1 >=< s1qp2p1 > − < s1k1p2p1 >= − < s1k1p2p1 >,
< s1s2k1p2 > = < s1s2(q − k2)p2 >=< s1s2qp2 > − < s1s2k2p2 >,
< s1s2k2p1 > = < s1s2(q − k1)p1 >=< s1s2qp1 > − < s1s2k1p1 > . (148)
Therefore
k1 · s1 < s2k2p2p1 > +k2 · s1 < s2k1p2p1 > +k2 · s2 < s1k1p2p1 > +k1 · s2 < s1k2p2p1 >
= (k1 − k2) · s1 < s2k2p2p1 > +(k2 − k1) · s2 < s1k1p2p1 >,
p1 · k1(< s1s2k1p1 > + < s1s2k2p2 >) + p1 · k2(< s1s2k1p2 > + < s1s2k2p1 >)
= p1 · k1(< s1s2k1p1 > + < s1s2k2p2 >) + p1 · k2(< s1s2qp2 >
− < s1s2k2p2 > + < s1s2qp1 > − < s1s2k1p1 >)
= p1 · (k1 − k2)(< s1s2k1p1 > + < s1s2k2p2 >) + p1 · k2 < s1s2q(p2 + p1) >
= p1 · (k1 − k2)(< s1s2k1p1 > + < s1s2k2p2 >) + p1 · k2 < s1s2qq >
= p1 · (k1 − k2)(< s1s2k1p1 > + < s1s2k2p2 >). (149)
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Eq. (147) for S(i)(s1, s2, λe) can be simplified to
S(i)(s1, s2, λe) = −iλeA2γ
{
4
P · k1
τ − 1 < (k2 − k1)s1s2P > (GM −GE)
∗
−2G∗M [p1 · (k1 − k2)(< s1s2k1p1 > + < s1s2k2p2 >)
+(k1 − k2) · s1 < s2k2p2p1 > +(k2 − k1) · s2 < s1k1p2p1 >]
}
. (150)
The following equalities hold:
< s1k1p2p1 >=< s1k1(q − p1)p1 >=< s1k1qp1 >=< qs1k1p1 >,
< s2k2p2p1 >=< s2k2(q − p1)p1 >=< s2k2qp1 >=< s2(q − k1)qp1 >= − < qs2k1p1 > .
It is convenient to calculate some auxiliary terms
< qak1p1 > = 2E < 4ak1p1 >= −2E < 4ak1i > pi = −2Ep < 4ak1z >
= 2Ep < 4aiz > ki = −2EpE sin θ < 4axz >
= 2E2p sin θ < 4yxz > ay = 2E
2p sin θay,
< s1s2Pa > = a0p(s1xs2y − s1ys2x)− pax(s10s2y − s1ys20). (151)
The last relation is obtained assuming that ay = 0. Other useful relations are:
< s1s2k1p1 > + < s1s2k2p2 >=< s1s2k1p1 > + < s1s2(q − k1)p2 >
=< s1s2qp2 > + < s1s2k1(p1 − p2) >=< s1s2qp2 > +2 < s1s2Pk1 >,
< s1s2qp2 >= 2E < s1s24p2 >= 2Ep < s1s24z >= 2Ep(s1ys2x − s1xs2y),
< s1s2Pk1 >= Ep(s1xs2y − s1ys2x) + pE sin θ(s10s2y − s1ys20),
< s1s2Pk2 >= Ep(s1xs2y − s1ys2x)− pE sin θ(s10s2y − s1ys20). (152)
Inserting (151,152) in (147), one finds:
S(i)(s1, s2, λe) = −iλeA2γ
{
2mpq2 sin θ cos θ(GM −GE)∗(ξ1yξ2z + ξ1zξ2y)
− 2G∗M
[
Epq2 sin θ
(
E
m
cos θξ2z − sin θξ2x
)
ξ1y + Epq
2 sin θ
(
E
m
cos θξ1z − sin θξ1x
)
ξ2y
−p2q2 p
m
sin θ cos θ (ξ1yξ2z + ξ1zξ2y)
]}
= −2iλepq2 sin θA2γ [E sin θG∗M(ξ1xξ2y + ξ1yξ2x)−m cos θG∗E(ξ1yξ2z + ξ1zξ2y)] . (153)
Then the part of the differential cross section, proportional to the polarization correlation
and to the longitudinal polarization of the electron beam, can be written as
dσ(s1, s2, λe)
dΩ
=
1
2
α2β
4q6
[
S(v)(s1, s2, λe) + 2ReS
(i)(s1, s2, λe)
]
, (154)
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where extra factor 1/2 comes from averaging only over the positron polarizations since the
electron beam is polarized.
The correlation polarization tensor, for the case of the longitudinally polarized electron
beam, is defined as follows
dσ(s1, s2, λe)
dΩ
=
λe
2
dσun
dΩ
[Pxyξ1xξ2y + Pyxξ1yξ2x + Pyzξ1yξ2z + Pzyξ1zξ2y] , (155)
where the components of the polarization correlation tensor Pik are
Pxy = Pyx = − 1
D
√
τ − 1
τ
sin2 θImGMA
∗
2γ ,
Pzy = Pyz =
sin θ√
τD
Im(GMG
∗
E +GM∆G
∗
E −GE∆G∗M +
+
√
τ − 1
τ
cos θGEA
∗
2γ), (156)
and we used the relation Re(iA) = ImA∗.
One can easily verify that the following relation holds:
Pxx + Pyy + Pzz = 1.
The components of the tensor describing the polarization correlations Pxx, Pyy, Pzz, Pxz,
and Pzx are T–even observables, whereas the components Pxy, Pyx, Pyz, and Pzy are T–odd
ones.
In the Born approximation the expressions for the T–odd polarization correlations co-
incide with the corresponding components of the polarization correlation tensor of baryon
B and antibaryon B¯ created by the one–photon–exchange mechanism in the e+e− → BB¯
process: Let us write explicitly these expressions:
Pxx =
sin2 θ
τD
[τ |GM |2 + |GE|2],
Pyy =
sin2 θ
τD
[|GE|2 − τ |GM |2],
Pzz =
1
τD
[τ(1 + cos2 θ)|GM |2 − sin2 θ|GE |2],
Pxz = Pzx = −sin 2θ√
τD
Re[GMG
∗
E ],
Pxy = Pyx = 0,
Pzy = Pyz =
sin θ√
τD
Im(GMG
∗
E).
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1. 2γ mechanism and double spin polarization coefficients
The relative contribution of the interference terms (between one- and two–photon–
exchange terms) in these observables will increase as the value q2 becomes larger since
it is expected that the TPE amplitudes decrease more slowly with q2 compared with the
nucleon FFs.
At the reaction threshold, the polarization correlation tensor components have some
specific properties:
- All correlation coefficients (both T–odd and T–even) do not depend on the function
A2γ .
- In the Born approximation the Pyy observable is zero, but the presence of the TPE term
leads to a non–zero value, determined by the quantity 2Re(GE∆G
∗
E −GM∆G∗M).
- At the scattering angle θ = 900 the relation Pyy + Pzz = 0 holds.
- The Pxy and Pyx observables are zero, and Pyz and Pzy observables are determined by
the TPE term only, namely by the quantity ImGM(∆GE −∆GM)∗.
VIII. CONCLUSIONS
A detailed model independent derivation of experimental observables in e++e− → N+N¯
is given here with a specific pedagogical aim toward students at PhD level.
The present analysis is also a guideline for the experimental investigation of the TL
nucleon FFs planned in near future at Laboratories where electron and positron beams are
available.
The short bibliography given below contains more discussion and results, based on similar
ideas and formalism can be found, for this reaction and all crossed reactions as well. A wide
literature exist on this subject, since the first studies, in the fifties. The reader is invited to
consult references contained in the quoted paper, to access other related works, experimental
or theoretical.
This formalism has been extended to spin one hadrons.
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